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Climate change, here and now 


Poor nations need the data that show what is already happening to their climate, as well as the 


resources with which to adapt to change. 


on Climate Change (IPCC) of exaggeration. The content of 

its sobering 6 April report on climate-change impacts, adap- 
tation and vulnerability (see page 706) offers little support to such 
criticism. But the panel is, from time to time, guilty of almost absurd 
understatement. 

While discussing the encouraging growth in real data applicable 
to the study of climate change, Working Group II of the IPCC points 
with regret to a “notable lack of geographic balance in data and litera- 
ture on observed [climate] changes, with marked scarcity in devel- 
oping countries”. A few pages later, a figure in the report reveals that 
of 28,671 “significant observed changes in biological systems” from 
around the globe of which the report made use, 28,115 originated 
from Europe. Just two were from Africa. 

This disparity is all the more alarming because, as the report makes 
clear, it is in Africa and other parts of the developing world that such 
data are most sorely needed. They are required not as proof of the 
global reality of change — that debate is over — but as guidance to 
policies and interventions that are needed, not in a far-off world of 
melted ice caps, but right now. The data are needed so that policy- 
makers can know what is happening to crops, to river flow, to soil 
moisture, and make appropriate use of that information. 

In terms of its scope, anthropogenic climate change is unlike any 
problem previously faced by humanity. Its effects are already felt 
worldwide and will last for centuries. Solutions to its primary cause 
— the release of carbon dioxide from the burning of fossil fuels — are 
measured in terms of trillions of dollars of investment taking place 
over decades. Yet it also has more immediate, short-term implica- 
tions. Working Group II predicts with high confidence that, by 2020, 
between 75 million and 220 million Africans will suffer from increased 
water stress due to climate change. In the same period, in some African 
countries, yields from rain-fed agriculture could be halved. 

The qualitative sense in which 2020 can be clearly set down as the 


C ritics are always ready to accuse the Intergovernmental Panel 


‘short termy is that predictions made in the report for that date are 
not conditional. They do not depend on action or inaction on green- 
house-gas emissions between now and then. Rather, they are immune 
to anything being done about emissions at any point. If the industrial 
nations were to start slashing their emissions on 1 May of this year, 
the prognosis would be the same, because the degree of change to be 
expected through to 2020 is already pretty well fixed by the current 
state of the climate system. 

This is not for a moment to say that there is no point in reducing 
emissions. That must remain a central objective in attempting to get 
the planet’s climate under control. But “Developing 
Working Group II’s report makes clear 
that this is not enough. 

Developing countries also need assist- 


countries need 
assistance to help 


ance that will help them adapt to effects them adapt to 
of climate change that are already on effects of climate 
the way. Although some of this may be change that are 


focused on climate-specific approaches 
(see page 716), most of it can best be 
achieved through conventional aid programmes aimed at economic 
development, agricultural robustness and primary health care. 
Better off, healthier people are people more likely to have the 
resources needed to adapt. 

Both developed and developing countries also need far better data 
about what is happening in their territories. Entire areas of study, 
such as the retreat of permafrost (see page 718), remain bereft of 
appropriate data sets. 

And energy sources and patterns of use must shift to lessen the 
ultimate extent of climate change. But the world also needs to take 
action right now against the harm that is already being done. The 
IPCC’s latest report provides yet another reason to seek develop- 
ment pathways out of the pitiless poverty in which far too much of 
humanity is trapped. a 


already on the way.” 


Science without borders 


Researchers should push for rule changes to make 
Europe work as one. 


f European science is to prosper, the barriers that prevent seamless 
interactions between scientists in different nations need to come 
down. Last week, the European Commission published a ‘green 
paper’ on the future of the European Research Area, the entity it cre- 
ated to improve such interactions. Scientists must now engage in the 
consultation process that will follow from this document and so help 
resolve the problems that currently constrain ‘cross-border’ science. 


The European Research Area is a somewhat nebulous concept, 
most readily described as the highly fragmented arena within which 
European Union scientists work, in both public and private sectors. 
But it is a concept that matters, in determining how easily a European 
researcher can operate across national borders. 

Current deficiencies in the way the area works are most apparent 
when they are personal. One German biology professor, for example, 
was recently courted by a university in the Netherlands. Aware of the 
advantages the prestigious post held for his research ambitions, the 
professor was sufficiently enthusiastic to accept a small salary cut. But 
negotiations collapsed because Dutch regulations made it impossible 
for him to bring his German pension to the new position. 

On a broader level, those seeking to create expensive items of 
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scientific infrastructure to serve the whole continent, such as a 
biobank of gene or tissue samples, are often dismayed to find that 
there is no appropriate source of funding — no matter how useful the 
project. Scientists in Europe also find that the management of intel- 
lectual-property rights varies between the member states. Scores of 
issues such as these make it hard for researchers to properly exploit 
the scale of the European Research Area. 

Overcoming such obstacles is rightly seen as important in the 
European Union’s push to become more scientifically competitive 
with the United States, where scientists already enjoy the advantages 
of ready interaction with a vast array of colleagues in a nation of 300 
million people. 

The green paper released by the European Commission on 4 April 
outlines the existing problems and asks for ideas from interested 
parties, including scientists, on what should be done to fix them. The 
consultation process will include a questionnaire that will appear 
on the commission's website (htp://ec.europa.eu/research/era) from 
1 May until August, and a conference in Portugal this autumn. Early 
next year, the commission will use this feedback to help it draw up 
decrees or legislation that it thinks will help strengthen the European 
Research Area. 

But the commission does not have the clout to implement such 
reforms on its own. Its main political master, the Council of Minis- 
ters, committed itself in 2000 to improving competitivity in research 


and innovation by 2010 — by facilitating the mobility of research- 
ers, for example. But the member states whose leaders make up 
the council have not yet implemented the changes in their home 
countries that are needed for the European Research Area to func- 
tion effectively. 

The European Commission, whose Framework research pro- 
grammes still account for only about one-twentieth of the member 
states’ total spending on research, 
can do little more than encour- 
age national governments to real- 
ize that far more cooperation at 
the European level will benefit 
them all. Perhaps the most sensi- 
tive issue in this regard is to get 
more national tax revenue to be 
pooled for genuinely European 
projects. 

None of these problems will be solved overnight. But it is impor- 
tant that the commission gains the explicit support of both industrial 
and academic scientists in its long march towards European research 
unity. The consultation will allow individual researchers to put on the 
record the cross-border issues that confront them in their working 
lives. As many as possible should fill in the questionnaire and make 
their voices heard. Z 


“It is important that the 
European Commission 
gains the explicit support 
of both industrial and 
academic scientists in 

its long march towards 
European research unity.” 


When employees attack 


Government scientists should be able to comment 
publicly — within reason. 


some parts of the world. Many US climatologists, even those 

who receive federal funding, have grave reservations about 
the White House’s continued neglect of international climate agree- 
ments, and they aren't shy about saying so. In Britain, meanwhile, 
scientists as well as political analysts have been quick to criticize the 
government's plan to spend billions on renewing the national fleet of 
nuclear-weapons submarines. 

Roll those two examples together, and transplant them into a soci- 
ety where freedom of speech is often seen as being under pressure 
from several directions, and you get the case of Claudio Mendoza. 
Until recently the head of a government physics laboratory in Ven- 
ezuela, Mendoza has been demoted after making sarcastic comments 
about the government over what he regards as its tendency to ignore 
scientists and their advice (see page 711). 

What infuriated Mendoza’s paymasters most was probably his 
suggestion — made in a newspaper article promoting a play about 
nuclear weapons — that president Hugo Chavez might want to pur- 
sue a nuclear-weapons programme and that, if he did so, he was liable 
to fail because of this alleged disdain for expert advice. 

Mendoza’s comments were not made in any official capacity (his 
article was signed, with no affiliation given), raising the fraught ques- 
tion of whether senior government scientists should be free to make 
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disparaging public comments about the state institutions that they 
serve, when they are away from work. 

Ona facile level, this is a disagreement about whether it is accept- 
able for someone to be fired because their bosses can’t take a joke. In 
many countries, acerbic comments about the machinations of politics 
are a valid and effective mode of public discourse. 

But, of course, a line has to be drawn somewhere. It is hard to 
escape the feeling that, in this case, it has been drawn in the wrong 
place. Many civil servants in other countries might expect a dress- 
ing-down if they behaved in this way, but might justifiably argue that 
they have a right to express a grievance. The message coming from 
Mendoza’s bosses within the Venezuelan national research institute is 
an unsavoury one. His removal from a management position implies 
that someone who voices contrary opinions is not fit to be a lab head. 
What’s more, Mendoza has been warned that he had better clam up 
if he doesn't want to lose his job altogether. 

The play that Mendoza was writing about was Michael Frayn’s 
Copenhagen, the international hit that deals with a crucial 1941 
meeting between Niels Bohr and Werner Heisenberg, and their 
struggle to comprehend the feasibility and consequences of devel- 
oping nuclear weapons during the Second World War (see Nature 
394, 735; 1998). 

One of the reasons for the play’s success was general interest in what 
physicists of Bohr’s generation thought about the issues surrounding 
nuclear weapons. Of course, these thoughts only became public some 
time after the United States had built and used the bomb. But times 
have moved on, and people in Caracas, as elsewhere, would benefit 
if their scientists were be able to participate openly in public debate 
on nuclear policy. a 
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Arid America 


Science doi:10.1126/science.1139601 (2007) 
The great American drought that 
spawned the Dust Bowl of the 1930s 
may become the new climatic norm for 
much of southwestern North America. 
Researchers led by Richard Seager 
at Columbia University in New York 
have developed a model projecting 
the impact of anthropogenic warming 
on the climate and hydrology of the 
already arid regions of the United 
States and northern Mexico. Using 19 
climate models, the team projects an 
increase in aridity over the next several 
decades comparable with that of the 
drought that marked America’s Dirty 
Thirties (pictured). The findings are also 
applicable to other subtropical areas. 


GENETICS 
The long and short of it 


Genome Res. doi:10.1101/gr.6036807 (2007) 

Do long RNA molecules that do not encode 
proteins have any function? A team at the 
University of Oxford, UK, presents evidence 
that suggests they do. 

Gerton Lunter and his colleagues compared 
the genetic sequences of more than 3,000 long 
noncoding RNAs from the mouse with the 
equivalent genomic locations in humans and 
rats. They identified stretches of DNA related 
to the RNAs (RNA libraries have not been 
compiled for humans or rats yet) that were 
conserved across the species. These included 
the promoter regions that prime transcription 
of DNA into RNA. This implies that the long 
RNAs have some biological function that 
is worth preserving — although what that 
function is remains a mystery. 


MATERIALS CHEMISTRY 


Emerging patterns 


Macromolecules 40, 1594-1597 (2007) 

Chemists have chanced upon a way to 
deposit metal atoms at the interfaces between 
different regions ofa ‘block co-polymer’ 

— molecules that contain distinct segments 
of different types of polymer. The resulting 
patterns of atoms could be exploited in 
electronic devices. 

A team led by Mitchell Winnik of the 
University of Toronto, Canada, and Ian 
Manners of the University of Bristol, UK, 
noticed that ruthenium tetroxide, a stain 
used for electron microscopy, concentrates 
at the interfaces in structures self-assembled 
from a certain diblock co-polymer. This 
unusual phenomenon probably results from 


704 


the stain dissolving in one polymer type, 
then diffusing towards the other. It reacts 
with iron-containing groups in the second 
polymer and deposits ruthenium atoms. 


ACOUSTICS 


Unsound judgement 


J. Acoust. Soc. Am. 121, 2384-2395 (2007) 
Violin-makers dont pick the materials shown 
by scientific measurements to be acoustically 
best, according to new research. 

Christoph Buksnowitz of the University of 
Natural Resources and Applied Life Sciences 
in Vienna, Austria, and his co-workers asked 
14 leading luthiers to grade 84 pieces of 
Norway spruce — a favourite material for 
violin soundboards — according to quality. 

The results showed little correlation with 
laboratory tests of the materials’ acoustic 
properties, but seemed instead to be guided 
by the wood’s appearance. That’s not totally 
damning, the researchers say, because a 


violin’s performance may depend as much on 
what the luthier does with the wood as on its 
intrinsic properties. But it does suggest that 
violin-makers would benefit from a scientific 
definition of material quality. 


CLIMATE SCIENCE 


Mushrooming harvest 


Science 316, 71 (2007) 

Climate change could make the autumnal 
fungus foray a year-round event, say Alan 
Gange of Royal Holloway, University of 
London, and his colleagues. 

Analysing changes in fruiting patterns 
of more than 300 species of British fungus 
between 1950 and 2005, the team found 
that the autumn mushroom season has 
grown from about 33 days to nearly 75 days. 
And some species, such as the sulphur tuft 
(Hypholoma fasciculare) are fruiting in both 
spring and autumn. 

The extended autumn season is due to 
warmer summers, wetter autumns and 
fewer frosts. The additional spring season is 
probably triggered by warmer weather in late 
winter and early spring. 


IMMUNOLOGY 
RAGE management 


Nature Immunol. doi:10.1038/ni1457 (2007) 
Researchers have identified one way in which 
the immune system turns against the body’s 
own proteins to trigger inflammation and 
cause the common autoimmune disease 
systemic lupus erythematosus. 

Anthony Coyle of MedImmune in 
Gaithersburg, Maryland, and his colleagues 
studied HMGB1, a DNA-packaging protein 
that is released from dying cells. They 
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show that it forms part of a complex that 

is recognized by the cell-surface receptor 
RAGE and taken up by immune cells. Once 
inside the cells, the complex stimulates 
Toll-like receptor 9, which normally causes 
inflammation by recognizing DNA from 
invading bacteria and viruses. 

Antibodies that block human HMGB1 or 
RAGE cut the production of inflammatory 
signals from cells in vitro, suggesting a means 
of therapy. 


NEUROSCIENCE 


Seizure stopper 


J. Neurosci. 27, 3618-3625 (2007) 

The low-carbohydrate ‘ketogenic’ diet used 
by some people to control their epilepsy 
may work by boosting the 
activity of ATP-sensitive 
potassium (K,;p) channels, 
scientists propose. This 
would inhibit excessive 
electrical activity in the 
brain. 

The ketogenic diet 
causes tissues to use ketone 
bodies (the by-products 
of fat breakdown) instead 
of sugar as fuel. Gary 
Yellen and his colleagues 
at Harvard Medical School 
in Boston, Massachusetts, 
report that ketone bodies 
reduce electrical activity 
in rodent brain slices, 
particularly in cells with 
high firing rates. The effect is lost when Kxrp 
channels are pharmacologically blocked, and 
does not occur in the brains of transgenic 
mice lacking K,;p channels. 


METROLOGY 


Current affairs 


Nature Phys. doi:10.1038/nphys582 (2007) 

A new way to define the ampere, the unit 
of electrical current, is in prospect thanks 
to a microelectronic device built by Mark 
Blumenthal of the University of Cambridge 
and the National Physical Laboratory in 
Teddington, UK, and his co-workers. 

At present, the ampere is defined as the 
current required to create a particular force 
between two parallel wires a metre apart. 
Physicists would rather define it as the 
passage of a particular number of electrons 
per second past a fixed point, but they first 
need a quantum device that can reliably 
create a current of known electron flow 
to serve as a standard. 

Blumenthal and his colleagues have built 


a ‘pump’ that operates at gigahertz 
frequencies — transmitting around 3.4 
billion electrons per second. This equates to 
about half a nanoamp of current, close to that 
required for a reliable standard. 


TAXONOMY 


Death of an order 


Biol. Lett. doi:10.1098/rsbl.2007.0102 (2007) 
Termites should be classed with the 
cockroaches in the order Blattodea, and 
not granted their own order Isoptera, say 
researchers who have carried out the most 
comprehensive molecular study of these 
creatures relationships so far. 

It was known that the two groups were 
closely related. In fact, the termites’ family 
tree falls entirely within 
that of the cockroaches, 
say Paul Eggleton of the 
Natural History Museum 
in London, UK, and his 
colleagues. 

The researchers 
sequenced five genes 
from 107 species in 
the group Dictyoptera, 
which consists of 
termites, cockroaches 
and mantids. The 
termites’ closest roach 
relative is the woodroach 
Cryptocercus, suggesting 
that wood eating was a 
key innovation on the 
termites’ road to sociality. 
The picture (above) shows a termite mound. 


CHEMISTRY 
Running rings 


J. Am. Chem. Soc. 129, 4148-4149 (2007) 
Two fiendishly complex molecules isolated 
from the clubmoss Lycopodium complanatum 
have succumbed to synthesis in the lab, six 
years after the first of the pair was described. 
The challenge in synthesizing the 
compounds, known as (+)-Lyconadin A and 
(-)-Lyconadin B, lay in constructing the five 
interlinked rings that form the molecules’ 
core. Four of these rings are loops of six 
atoms, and one is a five-membered ring that 
contains four chiral centres, meaning the 
groups around them must have a particular 
symmetry. 
The strategy that Douglas Beshore 
and Amos Smith of the University of 
Pennsylvania in Philadelphia devised to build 
this structure includes one step that creates 
a three-ring system from a molecule that 
begins with only one ring. 
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Kornelia Polyak 

Dana-Farber Cancer Institute 
and Harvard Medical School, 
Boston, Massachusetts 


A geneticist rebuts criticism of 
cancer genome projects. 


What do you learn if you sequence 
13,000 genes in 11 breast and 11 
colorectal cancer samples? The 
question taps into an intense 
debate about how best to identify 
genes relevant to human cancer. 

Last year, researchers reported 
the results of a survey such as the 
one described (T. Sjéblom et al. 
Science 314, 268-274; 2006). They 
found that each tumour contains, 
on average, 90 mutant genes — an 
unexpectedly high number. They 
also defined mutation spectra that 
were specific to colon and breast 
tumours, including the intriguing 
observation that the DNA letter 
sequence CG was swapped for 
GC at high frequency in breast 
tumours. This could be due to an 
uncharacterized DNA repair defect 
or differential carcinogen exposure. 

| consider this report a step 
towards answering key questions in 
cancer biology, such as how many 
genes are mutated in cancer, how 
many mutations are required for 
cancer, and whether accumulation 
of genetic alterations in cancer 
cells drives tumour progression. 

But others disagree. Many labs 
see large-scale sequencing of 
cancer genomes as unfocused and 
expensive fishing experiments. 
| have been doing genomics 
experiments since the dawn of 
this era, and have often faced 
this criticism. 

But just this one study has 
identified more genes mutated in 
human cancer than thousands of 
investigators have found over past 
decades. And another recent, large- 
scale sequencing project pinpointed 
close to 120 mutant kinase enzymes 
that may havea role in human 
cancers (C. Greenman et al. 

Nature 446, 153-158; 2007). 

Both cases show that the 
outcome of unbiased, genome-wide 
studies may not be what we expect, 
which is exactly why they're worth 
doing. 
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Climate takes aim 


Attention is now turning to the developing world, where 
those least equipped to handle it will bear the brunt of global 


warming. Michael Hopkin reports. 


BRUSSELS 

The Intergovernmental Panel on Climate 
Change (IPCC) is not known as a bearer of 
good news. In February, it reported that human 
activities are almost certainly causing the planet 
to warm (see Nature 445, 578-579; 2007). On 
6 April in Brussels, Belgium, it delivered an 
even more sobering message: that billions of 
the world’s poorest citizens are at risk of hard- 
ship and disease as a result of climate change. 

Attention is now shifting from arguments over 
whether the world is warming to what should 
be done about it. And all six-billion-plus on the 
planet should be concerned, the IPCC’s report 
implies. The people most vulnerable will be 
those who live at or near sea level, often crowded 
into cities along the coast. But drought, disease 
and extreme weather events will also become 
more frequent around the world, threatening 
the lives and livelihoods of countless more. 

“No one will escape the impacts of a warm- 
ing planet,” says Patricia Romero Lankao, a 
sociologist at the National Center for Atmos- 
pheric Research in Boulder, Colorado, and an 
author of the report. 

What's more, many of the effects of climate 
change are already evident in physical and 
biological systems, the report says (see map). 
Regional climate changes are affecting natural 
systems on every continent, with the Arctic, 
sub-Saharan Africa, and Asian mega-deltas 
among the worst affected. 


The Climate Change Impacts, Adaptation and 
Vulnerability report is the second instalment of 
the IPCC’s Fourth Assessment, a summary of 
the current state of knowledge about climate 
change. The third assessment was published 
in 2001. Crucially, this report is the first to link 
actual data on how natural systems are respond- 
ing to the amount of warming they have expe- 
rienced. “For the first time we are no longer 
arm-waving with models,’ says Martin Parry, 
co-chair of the IPCC’s Working Group II. 

Authors compiled more than 29,000 data 
sets, on everything from glaciers to the timing 
of spring foliage, and compared the trends with 
the amount of regional warming observed in 
each area since 1970. In more than 90% of cases, 
the changes in natural systems were consistent 
with predictions of how they would behave in a 
warming world. “Regional changes are happen- 
ing ona global scale,’ says Parry, although more 
data are needed from the developing world. 

The report was also the first major attempt to 
predict what physical changes might take place 
under a range of future warming scenarios. At 
high latitudes such as in northern Europe, crop 
yields are expected to flourish under modest 
climate warming. But rises of greater than about 
2.°C look set to diminish agricultural produc- 
tivity the world over (see ‘What's new). 

By evaluating which systems are the most 
likely to be altered by future climate change, 
the report's authors have tried to predict the 
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knock-on effects for humans. Most at risk 


are the estimated 100 million people who live 
within a metre of sea level. Meanwhile, as many 
as 250 million Africans are predicted to be at 
risk of water shortages, and drought will also 
damage agriculture at low latitudes. “We have 
500 million people hungry today,’ says Parry. 
“We're gonna get a lot more.” 

In terms of health, vector-borne diseases 
such as tick-borne encephalitis and dengue 
fever are expected to increase as insects expand 
their range. So too will extreme weather events 
such as the 2003 heatwave that killed thousands 
of people in Western Europe. 

The report builds on that of the IPCC’s first 
working group, which announced in February 
that it had ‘very high confidence’ that global 
warming can be attributed to human activities. 
But whereas the report from the first working 
group was carefully couched in language of 
confidence and likelihood, many such phrases 
are absent from the policy-makers’ summary 
of the second working group’s report. Before 
the launch in Brussels, the report’s lead authors 
stayed up all night deliberating the finer points 
of the policy-makers’ summary, which boils 
more than 1,500 pages down toa mere 23. Sev- 
eral delegates from the research community 
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stormed out during the negotiations, albeit to 
return later. China and Saudi Arabia, in particu- 
lar, were said to have put pressure on to soften 
the language. 

Cynthia Rosenzweig of NASA, a lead author 
of the report and one of those who left the nego- 
tiating session, says that the differences over the 
confidence statements were because many of the 
government delegates wanted the statements 
to be ditched. “But we wanted governments to 
know that we felt strongly that the ‘very high 
confidence’ statement was justified,’ she says. 
Statements of confidence remain in many 
phrases of the summary, and the altered phrases 
now reflect the evidence used to support the 
findings. One passage reads, for instance, that 
“Observational evidence from all continents and 
most oceans shows that many natural systems 
are being affected by regional climate changes, 
particularly temperature increases” Rosenzweig 
says: “We have a direct statement now, which in 
some ways implies a confidence level” Remov- 
ing qualifications, she adds, “has nothing to do 
with climate evangelism”. 

Although the report’s predictions are cer- 
tainly serious, Parry denies that they are dire. 
“Tt is a good, tight process, and the real key is 


that governments have to buy into it — itis an 
intergovernmental panel,’ he says. 

That government buy-in should take the form 
of both adaptation and mitigation — the two 
buzzwords of how to deal with climate change. 
Although the second working group’s brief 
was to examine only one of these approaches 
— adaptational measures, such as improved 
healthcare or flood defences — 
the report also included a chap- 
ter on combined approaches that 
involve both adaptation and miti- 
gation, such as carbon-reducing 
policies. The third working group 
of the IPCC is due to release its report, specifi- 
cally on mitigation, in Thailand on 4 May. 

Adaptation is the key to the next few decades, 
says Saleemul Hug of the International Institute 
for Environment and Development in London, 
one of the report's authors. The report says that 
even if no more carbon is put into the atmos- 
phere, average warming of 0.6 °C can still be 
expected over the rest of the century. “Adapta- 
tion is the only option in the short term,’ Huq 
says. “However, as we extend to the longer term 
— the next ten or fifteen decades — the only 
solution for that is to do mitigation now. If we 
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“No one will escape 
the impacts of a 
warming planet.” 


What's new? 


Compared with the last report of the 
Intergovernmental Panel on Climate Change 
published in 2001, the latest version adds 
some details about the effects that can 

be expected from climate change. These 
include: 


Some 20-30% of animal species — at least 
those studied so far — could be at risk of 
extinction if global temperatures rise more 
than 1.5-2.5 °C. 


Fisheries in large lakes in Africa could be 
adversely affected not only by overfishing but 
also by rising water temperatures. 


Glaciers melting in the Himalayas could 
reduce the amount of water available for 
people to drink, as well as destabilizing 
slopes and lessening river runoff. 


More drought and fire could place croplands 
and forests in southern and eastern Australia 
at risk. 


Agricultural land in Latin America could turn 
to desert and grow saltier. 


On small islands, invasive species could 
arrive sooner as temperatures rise. 


fail to do either of them now we will suffer.” 

Ivo de Boer, executive secretary of the United 
Nations Framework Convention on Climate 
Change, which governs the Kyoto Protocol 
regulating greenhouse-gas emissions, hopes 
that the report will provide impetus for negotia- 
tions for a climate treaty to replace Kyoto when 
it runs out in 2012. “I hope it will make it clear to 
politicians that time is running 
out,’ he says. 

One of the cruel ironies is that 
among the few set to gain, at 
least in the short term, from the 
agricultural benefits conferred 
by climate warming are those with the highest 
greenhouse-gas emissions. And yet the central 
message of the report is that climate change is 
likely to hit hardest those who can do least to 
defend themselves. 

Nevertheless, the risks are not confined 
to poor countries, says IPCC chair Rajendra 
Pachauri. “It is the poorest of the poor, even in 
richer societies, who will be affected the most 
significantly,’ he says. “People who are poor are 
least equipped to be able to adapt to the conse- 
quences of climate change.” rT] 
Michael Hopkin 
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Dinosaur prints lead to crediting row 


An article on Croatian dinosaur 
tracks that help to reveal the tec- 
tonic movements responsible for 
the creation of the Balkans has 
set off a modern-day continental 
clash. The situation raises ques- 
tions about how far palaeontol- 
ogists should have the right to 
prevent others from publishing on 
sites of interest that they discover. 

The huge sauropod footprints, 
dating from about 95 million years 
ago, were discovered in 2004 on the 
island of Hvar by a team from the 
Croatian Natural History Museum 
in Zagreb, led by Michael Cald- 
well of the University of Alberta in 
Edmonton, Canada. The museum 
announced the discovery of the site 
to the press. But before the research- 
ers could publish their study in the 
scientific literature, a competing 
group from the University of Zagreb 
went to the site and then published 
an article reporting the tracks. The 
article did not credit the discovery 
team, and an angry Caldwell has 
demanded its retraction. 

The disputed article was pub- 
lished last December in the jour- 
nal Cretaceous Research (A. Mezga 
et al. Cretac. Res. 27, 735-742; 
2006). The lead author was palae- 
ontologist Aleksandar Mezga, 


Faux pas? Dinosaur footprints discovered by Michael 
Caldwell (inset) and his team have resulted in discord. 
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working with three Croatian col- 
leagues and a Swiss researcher. 

Caldwell says he believes that the publica- 
tion amounts to “intellectual theft”, because it 
leaves his team unable to publish the discov- 
ery as its own. Caldwell’s colleagues in Croatia 
declined to speak to Nature, but e-mails from 
them provided by Caldwell suggest they sup- 
port his interpretation of events. For example, 
when he learned of the article in February, 
Jakov Radovcic, a Croatian sedimentologist 
working with Caldwell, wrote: “I was really 
shocked. I was not aware of the... behaviour of 
my colleagues from Zagreb.” 

Mezga, however, insists that he and his team 
have done nothing wrong. “Every single word... 
is our intellectual property,’ he told Nature. 
Because nothing had been published on the 
study site, Mezga says, he considered it open 
for reporting, although he acknowledges that 
he never contacted the discovery team to dis- 
cuss the issue. 

David Batten, a researcher at the University 
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of Manchester, UK, and editor-in-chief 
of Cretaceous Research at the time the 
article was published, told Nature that 
the journal is considering Caldwell’s 
request for a retraction. Such a retrac- 
tion would be “very unusual’, says Catherine 
Badgely of the University of Michigan in Ann 
Arbor and president of the US-based Soci- 
ety of Vertebrate Paleontology. Documented 
instances of misappropriation of palaeonto- 
logical sites are rare, surfacing about every 
five years, Badgely notes. But she welcomes 
discussion of the issue: “It is good this is being 
brought out.” 

In this case, the tracks of a long-necked, 
plant-eating sauropod known as a titanosaur 
provide insight into massive tectonic shifts that 
occurred around 100 million years ago. The 
land mass that is now Africa was then shifting 
north against the Eurasian continent, raising 
and lowering geological structures across what 
have become the Balkan nations. 
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The dinosaur tracks are the oldest 
Pa e 4 to have been found in that region. 

: Yi | But they also represent the most 

®e recent signs of life on a geological 
plain called the Adriatic—-Dinaric 
carbonate platform, before it sank 
beneath the sea 94 million years ago. 
And they provide an important clue 
about what other land the platform 
was connected to at the time. 

Caldwell and his colleagues were 
exploring Hvar’s rocky shoreline 
when they happened upon the 10 
pad marks — each about 30 centi- 
metres long — in a 65-square- 
metre area of ground. 

It is common for museums to 
announce such discoveries, and the 
Hvar site drew wide news coverage. 
The second Zagreb team started 
working on the site within a cou- 
ple of months. They brought 
with them Christian Meyer, an 
authority on dinosaur tracks and 
director of the Natural History 
Museum in Basel, Switzerland. 
When contacted by Nature, Meyer 
declined to comment 
on the team’s rights 
to the site, refer- 
ring inquiries to his 
Croatian colleagues. 
But in an e-mail sent 
to Caldwell in Febru- 
ary, he said his col- 
leagues had told him 
no one else was study- 
ing the tracks. 

Actually, Caldwell’s 
team was analysing 
tiny plankton fossils to pinpoint the date of the 
tracks. Those studies were delayed when sam- 
ples being shipped from Croatia to Edmonton 
were misplaced for six months by an airline. 

Italian palaeontologist Fabio Dalla Vecchia 
was one of the reviewers of the Cretaceous 
Research article. He says he pointed out to the 
journal and the authors the need to fully credit 
the tracks’ discoverers. But this did not happen 
(the journal admits receiving the request, but 
says that it was misunderstood). “I had nasty 
experiences in Croatia,’ adds Dalla Vecchia. 
“The groups fight each other there.” 

Caldwell says he is sad that things didn’t 
work out differently. “This could have been 
such a good thing for Croatian research” & 
Rex Dalton 
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DINOSAURS IN FOCUS 
All our coverage of fossil 
finds is gathered online. 
www.nature.com/news/ 
infocus/dinosaurs.html 


Physicists question model of the Universe 


Cosmologists gathered in London 
last month to voice their concerns 
over the current ‘standard’ model 
of the Universe. “There is asense 
of desperation,” says participant 
Douglas Scott, from the University 
of British Columbia in Vancouver. 
“The standard model is horribly 
ugly, but the data support it.” 

For most in the field, that 
desperation stems from two 
unexplained ingredients in the 
standard model: dark matter, 
thought to help ordinary matter 
clump together to form galaxies; and 
dark energy, invoked to explain the 
observation that the expansion of 
the universe is accelerating. 

But physicists are increasingly 
questioning the model itself. Richard 
Lieu, from the University of Alabama 
in Huntsville, is one of those with 


doubts. He says he organized the 
meeting, at Imperial College London, 
“for scientists to come forward and 
present any misgivings they may 
have about the standard model", 
although he invited speakers from 
all sides of the debate. 

A broad consensus over the 
standard model has 


were analysed. For example, 

Subir Sarkar, from the University 

of Oxford, UK, argued that data 
from the Wilkinson Microwave 
Anistropy Probe (WMAP) — the 
NASA satellite that measured the 
cosmic microwave background with 
unprecedented precision — make 
sense without dark energy 


iT) 
emerged over the The standard if density perturbations 
past decade. It is model is in the early Universe had 
based on diverse lines horribly u gly.” a different pattern to that 


of evidence, such 
as measurements of the radiation 
left over from the early Universe 
(known as the cosmic microwave 
background), the distribution of 
galaxies and the brightness of 
distant supernovae. 

Scientists at the meeting were 
asked to re-examine assumptions 
made when these observations 


usually assumed, and if our 

patch of the Universe differs from 
other parts. This explanation might 
seem more complicated than the 
standard model, says Sarkar, but he 
counters that invoking dark energy 
is “a profound problem from the 
viewpoint of fundamental physics”. 

Attendees were also asked to 
question the actual data. Speakers 


pointed out oddities in WMAP's 
maps of the microwave sky, such 
as the alignment of patterns on 
different scales along what has been 
cheekily dubbed an ‘axis of evil’, 
and the presence of more variation 
in the southern hemisphere than in 
the northern. Such unlikely effects 
could just be statistical quirks, 
but they seed uncertainty about 
how the measurements are being 
interpreted. 

For the time being, proponents 
of the standard model say that 
they have yet to see a compelling 
theoretical alternative, but 
encourage those people who pursue 
them. “I doubt that anyone left that 
meeting convinced about some new 
idea," says Scott. “But having one's 
mind opened alittle bit is healthy.” m 
Jenny Hogan 
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Venezuelan free-speech 
row goes nuclear 


Freedom-of-speech groups have expressed 
concern at the treatment of a prominent Ven- 
ezuelan physicist who has been fired as head of 
a government research lab after poking fun at 
the government over nuclear policy issues. 

Claudio Mendoza was stripped of his posi- 
tion as head of a computational-physics lab in 
the Venezuelan Institute of Scientific Research 
(IVIC) in Caracas because of comments he made 
in an article written to promote a science-related 
play. He sarcastically suggested that Venezuelans 
should not worry about their country’s growing 
alliance with ‘rogue’ nuclear states such as Iran, 
because Venezuelan officials 
do not listen to experts and so 
would not be able to develop 
nuclear technology anyway. 

Although Mendoza is still 
a researcher in the lab, his dis- 
missal as head after 10 years 
raises fears that his right to free 
speech has been infringed, says 
Juan Carlos Gallardo, chair of 
the American Physical Society's 
Committee on International 
Freedom of Scientists. The com- 
mittee has written to Venezue- 
lan officials to request details of 
the case. Although no other scientists there have 
reported similar harassment, the government 
has been accused of waging a campaign against 
freedom of speech in the media, and the fear is 
that similar repression is now extending to the 
research community. Gallardo has pledged to 
monitor the situation and take further action if 
Mendoza is sacked outright. 

Mendoza says he has been accused of treason, 
even though his comments were meant to be 
witty and he was not writing in an official capa- 
city. His remarks were published on 13 Septem- 
ber 2006 in an article to publicize a production 
of Copenhagen by British playwright Michael 
Frayn. The play dramatizes a discussion between 
physicists Neils Bohr and Werner Heisenberg 
about the feasibility of developing nuclear weap- 
ons. Addressing fears that Venezuela might seek 
to join the nuclear club, Mendoza wrote: “Here 
bridges are built without engineers, diagnoses 
are made without doctors, oil is refined without 
petroleum experts, one can teach without being 
a teacher, you can govern without being a states- 
man. We will therefore explode nuclear energy 
while ignoring the physicists” 

But it seems that nuclear policy is no joking 


“| am just basically 
trying to survive asa 
researcher.” 

— Claudio Mendoza 


matter. Although Venezuela has no nuclear pro- 
gramme of its own, it has significant reserves of 
uranium ore, and in 2005 Venezuela announced 
that it would join forces with Iran to develop 
domestic nuclear power. Venezuela is also 
thought to have endorsed Iran’s controversial 
uranium-enrichment programme, although 
without a seat on the UN Security Council, it 
was unable to influence the council's unanimous 
vote in December 2006 to ban the project. 

Four days after the article was published, 
IVIC’s board of directors removed Mendoza 
as lab head, and gave him 30 days to provide 
evidence of his apparent insin- 
uation that Venezuela might 
be planning to enrich uranium. 
Mendoza submitted a dossier 
of newspaper articles but this 
was rejected as sufficient proof. 
When asked to retract his arti- 
cle, he refused. 

The article was “the last 
drop” in a series of altercations 
in which Mendoza has criti- 
cized his paymasters, says [VIC 
director Maximo Garcia Sucre. 
In 2003, for example, Mendoza 
complained that the govern- 
ment was not giving enough financial support 
to IVIC — a claim denied by IVIC directors 
(see Nature 422, 257; 2003). 

“He has manifest many times his noncon- 
formity with IVIC decisions,’ Garcia Sucre told 
Nature. “In a certain sense he is an activist. In 
this situation it is not possible to be head of a 
lab — there must be a minimum of affinity with 
scientific politics.” He adds that such personnel 
changes are routine, and that Mendoza still has 
all the rights of any IVIC staff member. 

Mendoza says that he is unsure whether he 
will be dismissed entirely. “I don’t think I will 
try to get reinstated as head. I am just basically 
trying to survive as a researcher,’ he says. 

“Thope he will understand that the measure 
that has been taken is a mild one,’ says Garcia 
Sucre, adding that in making fun of government 
officials, Mendoza has indirectly criticized pres- 
ident Hugo Chavez. Asked whether Mendoza 
will be fired outright, Garcia Sucre says: “He 
should start to work in his lab instead of being 
in the newspapers all the time saying he is being 
victimized. Then I don’t see any problem” m 
Michael Hopkin 
See Editorial, page 702. 
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Federal agency rescinds 
primate stem-cell patents 


Three key stem-cell patents have been 
revoked by the US Patent and Trademark 
Office. Scientists have complained that 

the patents, held by the Wisconsin Alumni 
Research Foundation (WARE), are so broad 
that they impeded US research. 

The patents were granted between 1998 
and 2006, but last July several nonprofit 
groups requested that they be re-examined, 
arguing that the work described in the 
patents was not sufficiently novel to deserve 
protection. The patents claim to cover 
primate embryonic stem cells — including 
human embryonic stem cells — derived by 
any means. The patent office agreed, on 
reconsideration, that the work was not novel 
enough to deserve a patent. 

WARE has two months to contest the 
decision, and could then initiate a lengthy 
appeals process. 


Nobel laureate named as 
NASA chief scientist 


NASAs science directorate has been boosted 
by the appointment of astronomer John 
Mather as the agency’s chief scientist. 

Formerly a somewhat isolated position, 
the chief scientist will now have his own 
staff and work closely with the new associate 
administrator for space science, planetary 
scientist Alan Stern. Mather shared the 2006 
Nobel Prize in Physics for work to probe the 
cosmic microwave background, the relic 
radiation left over from the Big Bang. 

But the news is mixed for the agency. Last 
week, some members of Congress moved 
towards ousting NASA’ inspector-general, 
Robert Cobb. His position is meant to 
oversee the agency from an independent 
standpoint, but several Congressmen 
charge that Cobb was too close to a former 
agency chief to perform his duties properly. 


An independent government committee 
last week passed a report to the House 
Committee on Science and Technology 


alleging that Cobb had misused his authority 


and created a hostile work environment. 
Several lawmakers have asked President 
George W. Bush to fire Cobb and may hold 
Congressional hearings on the matter. 
Cobb has not responded to the allegations. 


Arctic sea-ice cover 
reaches near-record low 


This year, the extent of winter sea ice in the 
Arctic came close to breaking the record for 
being the smallest ever. 

On 4 April, scientists at the National 
Snow and Ice Data Center in Boulder, 
Colorado, announced that the maximum 
sea-ice cover last month was 14.7 million 
square kilometres. The record was set in 
March 2006, when the Arctic was covered 
by just 14.5 million square kilometres. This 
finding is consistent with the marked trend 
of sea-ice shrinkage and thinning that has 
been observed in recent decades. 

NASA, meanwhile, reported last week 
that less ice may be persisting from year 
to year in the Arctic, so less is available to 
replenish the perennial pack ice each winter. 
A study by Ron Kwok, of the Jet Propulsion 
Laboratory in Pasadena, California, 
found that only 4% of the seasonal ice that 
formed in the winter of 2004-05 survived 
the summer melt and helped build up the 
perennial ice in the winter of 2005-06. 


UK report calls for change 
to stem-cell rules 


British politicians have criticized their 
government for proposing a ban on the 
creation of ‘chimaeric’ embryos, made from 
human DNA inserted into an animal egg. 
The Select Committee on Science and 
Technology, which is drawn from all the 


Pictures of clouds reveal a Venus in twirls 


Images beamed back from Venus are 
revealing complex cloud features above the 
planet that seem to vary from equator to pole. 

In this picture, clouds near the Alpha Regio 
area — close to the planet’s equator — show 
turbulent eddies, possibly caused by local 
convection set up by daytime heating from 
the Sun's rays. At higher latitudes, venusian 
clouds spread out into streaky bands, 
powered by the winds that zip around the 
planet in just four days. 

The latest images were generated by a 
spectrometer on board the European Space 
Agency's Venus Express spacecraft, which 
has been probing the planet since it arrived 
there a year ago. 
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The creation of human stem-cell lines from 
‘chimaeric' embryos is controversial. 


major parties, released a report on 5 April 
calling for a ‘permissive’ set of rules to be 
put in place that would allow the Human 
Fertilisation and Embryology Authority 
more freedom to adjudicate on the scientific 
merit of new embryological procedures. 
The committee hopes the government 
will change the rules when it releases a 
draft bill next month. Only that would end 
the limbo for researchers at King’s College 
London and the University of Newcastle, 
both of which have applied for licences 
to create chimaeric embryos to generate 
human stem-cell lines. 
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University decides not to 
investigate smoking study 


Officials at the University of California have 
decided not to examine a controversial 2003 
research article disputing the dangers of 
second-hand smoke. 

In recent months, questions had been 
raised about whether the article, published 
in the British Medical Journal, involved 
scientific misconduct because it relied on 
purportedly faulty smoke-exposure data 
(see Nature 446, 242; 2007). 

Epidemiologist James Enstrom of the 
University of California, Los Angeles, 
(UCLA) was the lead author of the article 
(J. E. Enstrom and G. C. Kabat Br. Med. 

J. 326, 1057; 2003), which reported that 
spouses of smokers were no more likely to 
develop lung cancer or heart disease than 
were spouses of non-smokers. Enstrom 
denied any impropriety. 

Late last month, UCLA officials reviewed 
concerns raised by the American Cancer 
Society about Enstrom’s article, and decided 
that the allegations were not worth a formal 
inquiry or investigation. 


Correction 

In our News story “Letting the light in on 
Antarctic ecosystems” (Nature 446, 9; 2007), 
the credit for the photo of the sea spider was 
inadvertently omitted. The picture should have 
been credited to P. J. Lopez, University of Seville/ 
Climant-Ecoantha. 
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Back to school 


The US National Science Foundation may soon have to supply lab equipment to poverty-stricken high schools. 
David Goldston explains why some politicians want the agency to pay for Bunsen burners and test-tubes. 


n 28 March, the House Committee on 
() Science and Technology approved a 

measure that would put the National 
Science Foundation (NSF) in the business of 
equipping science laboratories in high schools 
that serve poor students. 

Buying better high-school lab equipment is 
certainly a worthy goal and perhaps a legitimate 
use of federal money. Although education in 
the United States is mainly the province of state 
governments and local school districts, the fed- 
eral government already provides billions of 
dollars to high schools that serve the poor via 
Department of Education programmes. 

But paying for beakers is an unlikely task 
for the NSF. Supporting science and maths 
education at all levels is as much a part of the 
NSF’s mission as supporting research, but its 
education efforts have traditionally focused on 
programmes to enhance teacher training, to 
create curricula and to promote experiments 
in educational approaches. The agency has not 
funded expensive purchases of books or equip- 
ment, largely because it tries to maximize the 
impact ofits relatively small education budget. 
The NSF’s annual spending on pre-college edu- 
cation can be counted up in different ways, but 
it is certainly less than $500 million a year — 
not much if it’s to be spread around for routine 
purchases by every US school district. 

So how did this legislation get on the agenda? 
The idea has been pushed over the past two or 
three years by the National Science Teachers 
Association and the American Chemical Soci- 
ety, which worked first with black and Hispanic 
members of Congress and then with members 
interested more generally in science education. 
The recent committee action was based on a 
bill sponsored by Representative Rubén Hino- 
josa (Democrat, Texas), who chairs the educa- 
tion task force of the Congressional Hispanic 
Caucus. One lobbyist told me: “The bill is a 
great way to get minority members interested 
in the National Science Foundation.” And the 
bill moved quickly in the Democratic Congress 
because it was perceived as a way of showing 
concern for minorities. 

The problem with this is not that the bill is 
targeted at poor and minority areas. The NSF 
runs several programmes to encourage minority 
students to study science, maths and engineer- 
ing — and should probably run more, given 
the significance and extent of the shortfall. But 
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building interest in the NSF by presenting it as an 
agency that can dole out funding to local school 
districts, of any stripe, is asking for trouble. 
Not only does the NSF lack the funding to 
take on such arole, it also lacks the staff to ensure 
the money would be used properly. The agency's 
inspector-general regularly complains that the 
agency's traditional grants in research and edu- 
cation are not followed up adequately. Saddling 
it with a hodge-podge of local efforts is likely to 
weaken the NSF’s reputation for running tar- 
geted, prestigious and apolitical programmes 
— the very reputation that leads Congress to try 
to add to its responsibilities in the first place. 
The school-lab bill is not the first time the 
NSF has been conscripted into minority poli- 
tics. In 2003 and 2005, then-Senator George 
Allen (Republican, Virginia) offered a bill to 
have the NSF buy computers for colleges that 
were created to serve, or which now serve, pre- 
dominantly minority students. Allen gave the 
task to the NSF because of the agency’s reputa- 
tion and because he served on the committee 
that oversees the NSE The Senate passed the 
bill twice, but it always stalled in the House. (As 
chief of staff of the science committee, I was 
involved in deciding how to handle both the 
Hinojosa and Allen bills in past Congresses.) 
When Allen's re-election effort ran into 
trouble last year because of charges of racism, 
the Republican leadership made some efforts 
to see whether the bill could be revived at the 
last minute. Nothing came of it, largely because 
the House Committee on Education and the 
Workforce remained opposed. 
Proponents of the Allen bill tried to justify 
their efforts by citing a study, by the National 
Association for Equal Opportunity in Higher 
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Education, that they said showed the need for 
computer equipment at minority institutions. 
But the study’s main point was that the institu- 
tions did not know how to make the best use of 
computer equipment they already had. 

Similarly, advocates of the Hinojosa bill cite 
the National Academy of Sciences’ 2005 pub- 
lication America’s Lab Report: Investigations in 
High School Science. That report does point out 
that non-Asian minorities generally have access 
to poorer labs and get less time in them, but its 
main conclusions do not focus on equipment. 
Instead it notes how limited education research, 
inadequate teacher training, bad curricula and 
misguided science standards result in labs being 
used in ways that are unlikely to enhance educa- 
tion. Equipment is the least of it. 

But Congress is best at providing tangible 
goods, so that tends to be the focus of legislation, 
regardless of whether it is the greatest need. 

Staff members on the science committee 
were sensitive to some of these issues, so the 
approved version of the Hinojosa bill is an 
improvement over the initial legislation. The 
programme is now authorized as a $5-mil- 
lion ‘pilot’ rather than the $50-million-a-year 
ongoing programme originally proposed. And 
applicants must couple the equipment pur- 
chases with teacher training. The bill requires 
anyone who wins federal funding to match it, 
and the committee may encourage, but not 
require, that the non-federal portion pays for 
the actual equipment purchases. 

This approved version was put forward by 
Representatives Eddie Bernice Johnson (Dem- 
ocrat, Texas), who belongs to the Congressional 
Black Caucus and has long been a supporter of 
the NSF, and Vernon Ehlers (Republican, Mich- 
igan), a physicist with a longstanding interest in 
science education. They offered it as an amend- 
ment to a larger science-education bill that the 
House is likely to take up later this spring. 

That bill, in turn, is likely to become part of 
a larger negotiation with the Senate over legis- 
lation meant to keep America competitive in 
the world economy. Congress will then have to 
decide whether a measure that assigns the NSF 
the task of buying test-tubes for the nation’s most 
troubled high schools is the best way to have the 
agency contribute to US competitiveness. m™ 
David Goldston is a visiting lecturer at 
Princeton University's Woodrow Wilson 
School of Public and International Affairs. 


Plastic promises 


Car companies know that plastic parts made from plants 
will appeal to ‘green’ customers. But as Ichiko Fuyuno 


reports, their progress has been painfully slow. 


public by unveiling a ‘biological’ 

car. The legendary car-company 
boss, who had a long-standing interest 
in environmentally sound materials, 
unveiled a prototype of plastic panels 
made from soya beans, wheat and 
hemp attached to a tubular frame at a 
motor show in Dearborn, Michigan. 
But after the United States joined the \ / 
Second World War, the project slipped 1 
quietly from view. 

Sixty-six years on, Japan’s car makers 
are picking up where Ford left off. The 
hydrocarbon-based plastics convention- 
ally used in the car industry are energy-intensive 
to produce and difficult to recycle — hurting 
companies’ strenuous efforts to paint themselves 
green. That increases the lure of bioplastics, 
which are produced from plants instead of crude 
oil and generally biodegrade over time. 

But these materials have severe limitations 
— so severe that Toyota, which in 2003 set 
ambitious goals for the commercial use of bio- 
plastics, is considering scaling back its commit- 
ment. Ifit does, all it will have to show for years 
of bioplastics research and development will be 
a floor mat and a cover for a spare tyre. 


B ack in 1941, Henry Ford surprised the 


Mix it up 

Typically, bioplastics are made by ferment- 
ing glucose obtained from corn, sugarcane 
or other plants into lactic acid, which is then 
polymerized to make the polylactic acid that 
sets to form the plastic. But the materials 
tend to have poor mechanical properties and 
degrade quickly, so manufacturers often mix in 
chemical additives or fibres — or blend them 
with conventional materials to improve their 
strength and durability. 

The market for bioplastics remains modest. 
According to Japan’s Biodegradable Plastics 
Society, they account for less than 1% of the 
nation’s consumption of plastics, with almost 
all of that going to low-grade applications such 
as food packaging. 

Still, Japanese companies are keen to use bio- 
plastics to make things such as computer cases 
and mobile phones, as well as in the car industry 
— asector of bulk plastics users that has high 
performance specifications. 

“Tt is not easy,” concedes Isao Inomata, of 


Mazda 
hopes that 
its hybrid 
cars will soon 
contain bioplastic 
panels. 


Mitsubishi Plastic and an adviser of the 
society, “but technological advances have 
made bioplastics available for higher-end prod- 
ucts than food packaging, and car makers are 
actively working on them.” 

Toyota first started to develop bioplastics 
in 1999, and four years later it started to sell 
accessories made from these materials. They 
designed a floor mat made from 100% poly- 
lactic acid, and a spare-tyre cover made from 
polylactic acid and fibres from kenaf, a plant 
often used in paper. 


Great expectations 

In a 2003 Environmental and Social Report, 
a division of Toyota said that it hoped to pro- 
duce two-thirds of all of the world’s bioplastics 
and earn ¥5 trillion (US$40 billion) in sales per 
year by 2020, but the company says this was 
never its official business plan. And in 2006, 
Toyota withdrew the floor mat from produc- 
tion. It is now considering a reorganization of 
its bioplastics business, according to spokes- 
woman Atsuko Watanabe. 

Toyota's rival Mazda has made the most 
progress in incorporating bioplastics into 
vehicles. In 2006, it released a prototype of an 
instrument panel — made from 88% corn and 
12% petroleum — for one of its hybrid cars. The 
company says it used an additive that allows the 


©2007 Nature Publishing Group 


plastic to solidify into small, quick-forming 
crystals — slow crystallization is a problem 
with many bioplastics because it increases the 
costs of making parts from them. The company 
also says that the panels can be manufactured 
with conventional injection-moulding equip- 
ment, and that they offer as much resistance 
to shock and heat as products made with 
conventional materials. Mazda plans to 

mount this panel on its production hybrids 

next year, and hopes to widen the materi- 

al’s use thereafter. 


Green standards 

Also in 2006, Honda released a prototype 

seat cover made of a biofabric called poly- 

propylene terephthalate. The bioplastic 
replaces the polyethylene terephthalate 
typically used in car seat covers, and was 
synthesized by polymerizing 60% petroleum- 
based terephthalic acid with 40% of a gly- 
col derived from corn. The 
company says that its 
material will reduce car- 
bon dioxide emissions on 
disposal by 5 kg per vehi- 
cle, or half, from those 
of its existing plastic seat 
covers. It has also devised 
a way to weave the cloth 
that gives the material a 
soft texture while retaining 
its strength and lightness. “We 
hope users are going to choose the biofabric 
because it feels more comfortable,’ says Keiichi 
Araki from the design development division at 
Honda. The company plans to use the biofabric 
as standard equipment on fuel-cell cars from 
around 2008. 

Difficulties with the strength and durability 
of plant-based plastics have caused the Biode- 
gradable Plastics Society to effectively ‘lower the 
bar’ and allow its members to produce what it 
calls ‘biomass plastics’ that contain as little as 
25% of plant-based raw materials. 

That has led sceptics to cry foul. Yoshio 
Watanabe, a motor-industry analyst at Mizuho 
Securities in Tokyo, doubts that companies are 
genuinely committed to the use of plant-based 
plastics. “I have never heard of concrete long- 
term business plans about bioplastics from any 
car-makers, he says. 

But Takahiro Tochioka, an engineer at Mazda 
who specializes in bioplastics, insists that real 
progress is being made. For instance, he says 
that his team has started to develop enzymes 
that can control the time that bioplastics take 
to degrade. “About a year ago, many people felt 
that using bioplastics in cars was unrealistic. But 
what we have done in the past year has brought 
back a positive prospective,’ he says. a 
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our decades ago, drought arrived in El 

Fasher, an impoverished state capital in 

western Sudan. Rural communities there 
had relied on weak rains to raise crops in sandy 
soils. But rainfall has been below average ever 
since, displacing a million people in the area 
and forever altering the lives of many more. 

Yet the people of El Fasher managed to adapt 
and survive. They built low earth embank- 
ments, known as trus, around their villages 
to hold water and irrigate crops of sorghum 
and vegetables. They developed new planting 
methods, digging through the layers of sand 
to the fertile ground beneath. And they intro- 
duced a wider range of crops, from citrus fruit 
to tobacco, both to broaden their food sources 
and to sell. 

Today, El Fasher is facing a vastly different 
challenge, as it is at the heart of the bloody 
Darfur conflict. But elsewhere in the world, 
El Fasher’s experience during drought should 
prove useful. Humans have adapted to chang- 
ing environments for millennia, and many 
communities contain a wealth of knowledge 
about how to beat climatic odds and survive 
when rains fail or floods sweep away crops. So 
far, there have been few systematic studies of 
these survival strategies; but by tapping into 
communal knowledge, researchers are begin- 
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ning to tease apart the actions that determine 
whether or not a community will make it in the 
face of change. 

The process is formally known as ‘adapta- 
tion; a term that is becoming a political buz- 
zword even among environmentalists, who 
once saw it as a distraction from the business 
of cutting carbon dioxide emissions. Now, 
with climate change expected to have unprec- 
edented effects on people worldwide (see page 
706), adaptation can no longer be shunned 
(R. Pielke et al. Nature 445, 597-598; 2007). 
“People talk about adaptation as if it’s a new 
invention,” says Guy Jobbins, a senior pro- 
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How to survive a warming world 


African communities have been adapting to climate change for millennia. 
Jim Giles reports on the strategies that seem most effective. 


gramme officer at Climate Change Adapta- 
tion in Africa, a research organization based 
in Cairo. “It’s not. People in Africa have been 
adapting for thousands of years.” 

It's not only Africa that will have to adapt, 
but the continent is often singled out because 
many of its residents live in precarious circum- 
stances. In some countries, poor soils and a lack 
of government support already make many 
vulnerable to drought or extreme weather, so 
they have little to fall back on should climate 
change make things worse. Yet that is exactly 
what climate models predict is about to happen. 
“Drought and other climate disturbances exact 
an unacceptably high and reducible toll on the 
people of Africa, a toll that is likely to grow with 
climate change,’ says Balgis Osman-Elasha, a 
climate-policy expert at the Higher Council for 
Environment and Natural Resources in Khar- 
toum, Sudan. 

Africa’s climate is poorly understood, in part 
because of patchy historical weather data. But 
the results that are available give cause for con- 
cern. The Sahara, for example, is expected to 
warm at rates greater than the global average of 
about 0.2 °C per decade during the early part 
of this century. Computer models also predict 
that eastern Africa will get wetter and see an 
increase in extreme rainfall events, and that 
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parts of southern Africa will become drier. 

Elsewhere on the continent, things are less 
certain. Richard Washington, an expert in Afri- 
can climate at the University of Oxford, UK, 
says that predictions are vague for El Fasher 
and the rest of the Sahel — the east-west band 
of semi-arid land between the Sahara and the 
greener landscape of central Africa. 

This is partly because the thunderstorms 
of the monsoon are difficult to simulate in 
climate models. Capturing the effect of dust 
blown from the deserts of North Africa is 
another challenge the models struggle with. 
Consequently, says Washington, “you can get 
any result you like” with a climate simulation. 
If all models are averaged, a wetter future is 
predicted; if the selection is limited to those 
that closely simulate the current climate, the 
future looks drier than today. 


Changeable weather 

Data, and hence predictions, are better in 
South Africa, where some regions are already 
experiencing changes similar to those pre- 
dicted by some of the better models. A team led 
by David Thomas, of the University of Oxford, 
has been studying the village of eMcitsheni, 
in the eastern part of the country, where rains 
have become more uncertain during the past 
50 years. More heavy rainfalls have been arriv- 
ing early in the wet season, before Christmas, 
and fewer at the tail end, around March. 

Researchers can't say whether such changes 
are due to natural variability or rising carbon 
dioxide levels, but that matters little to the com- 
munities experiencing new weather patterns. 
Nor does it matter to those 
interested in understanding 
adaptation. As similar climatic 
changes are expected to occur 
in the future, villages in the 
region form a kind of natural 
laboratory in which to study 
the ongoing effects of climate 
change. 

Several adaptation strategies 
are used at eMcitsheni, a rural 
area accessible only by dirt road that is home 
to about 300 households who depend on agri- 
culture and livestock. Crops are planted far- 
ther apart so that more moisture is available for 
each row, increasing the likelihood that they 
will survive a period of drought. Corn (maize) 
varieties that mature faster have been brought 
in, again limiting the threat of dry spells. Local 
people have also set up a commercial coop- 
erative: if the village produces excess maize 
in a certain year, the group works together to 
transport the crop to markets, earning money 
that can be used to buy food when yields 
are lower. 


“In general, 
communities seem 
to have adapted 


best when working 
as acollective rather 
than as individuals.” 


Different irrigation strategies have helped people 
in Africa's Sahel region survive persistent drought. 


But would such strategies work in other 
places? Many development experts are cau- 
tious about extrapolating from small studies 
to broader rules about how communities in 
general should adapt. Climate is far from the 
only factor changing people’ lives, and given 
the complexity associated with even simple 
changes, it is dangerous to think about a magic- 
bullet solution to adaptation, says Jobbins. 

Yet some general princi- 
ples are starting to emerge. 
To that end, the Oxford team 
has studied three other rural 
communities in South Africa 
and Mozambique. All of these 
villages rely on crops and 
livestock, and all have seen 
substantial climate change 
during the past decade. In the 
Limpopo province, near the 
South African border with Zimbabwe, the wet 
season has started later over the past 50 years 
and included more dry spells. Further west, in 
the region near the town of Mafikeng, farm- 
ers have seen more rainy days early in the wet 
season, but more overall variability in rainfall 
between successive seasons. 

In general, communities seem to have 
adapted best when working as a collective 
rather than as individuals. Overall, the team 
found four main strategies of adaptation: 
changes to agricultural practices; the formation 
of social networks; commercial projects, such 
as investing in livestock; and seeking work in 
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distant areas. The first three of these strategies 
rely on people working together to better their 
community. 

In eMcitsheni, for example, people devel- 
oped communal horticultural projects. Local 
women created jointly run irrigated gardens 
that, because the risk was shared among the 
collective, allowed them to diversify into crops 
they might not have attempted to grow on 
their own, such as potatoes. When heavy rain 
damaged traditional corn plots, these gardens 
could help to compensate for what was lost. 
Surplus crops were sold and the proceeds 
invested in pumps. 

Such sharing seems to work for many groups, 
says Henny Osbahr, a geographer at the Uni- 
versity of Oxford. “It’s complex,’ she says, “but 
we did see generic characteristics: strong infor- 
mal institutions and networks of reciprocity,” 

Of course, many groups ability to adapt is 
limited by factors beyond their control, such as 
lack of skills or money. Osman-Elasha has stud- 
ied communities in El Fasher and other parts of 
Sudan, and says that various ‘essential resources, 
such as access to spare machine parts, were 
cited repeatedly as problems by local people. 


Joining forces 

When communities work together they are 
better able to interact with outside organiza- 
tions such as government agricultural offi- 
cials and donor agencies. And several larger 
development agencies are making adaptation 
a formal part of what they do. The US Agency 
for International Development (USAID) in 
Washington DC, for example, has begun fund- 
ing the introduction of rice varieties in south- 
ern Mali that are better suited to shorter rainy 
seasons, because farmers there have reported 
experiencing hotter and drier conditions in 
recent decades. USAID will release an adap- 
tation handbook for all its programme officers 
this May; the World Bank is also developing 
adaptation information for its staff. 

The agencies, along with local and national 
governments, face an enormous struggle. With 
wars, poverty and the AIDS epidemic, Africa 
is perhaps the region least well equipped to 
cope with climatic disturbances. The focus on 
building on local knowledge doesn't offer all 
the answers, but to adaptation experts it at least 
offers a way forwards. 

“People felt that too much time spent on 
adaptation was taking attention away from 
doing something about the problem,” says 
Emma Archer, a climate researcher at the Uni- 
versity of the Witwatersrand in Johannesburg, 
South Africa. “That it was letting people off the 
hook. But now we know that we're committed 
to change. We're at an exciting stage.” a 
Jim Giles is a senior reporter with Nature. 
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A world melting from the top down 
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Despite years of speculation, little can be said for sure about the future of the Arctic’s permafrost. 
But that's no grounds for complacency, reports Gabrielle Walker. 


ome of Phil Camill’s trees are drunk. 
Once, the black spruce trees on the 
plots of woodland that he monitors in 
northern Manitoba stood as straight 
and honest as pilgrims. Now an ever-increas- 
ing number of them loll about leaning like 
lager louts. The decline is not in the moral 
standards of Canadian vegetation, but in the 
shifting ground beneath their roots. Once it 
was all hard, solid permafrost. Now much of it 
has thawed into a soggy sponge that no longer 
provides a steady footing for the trees. Some 
contrive to grow at screwball angles; others have 
drowned and been replaced by floating mats of 
mosses or sedges. “It is really easy to tell when 
the permafrost has gone,’ says Camill. “The 
vegetation changes right before your eyes.” 
Camill, an ecologist from Carleton College 
in Northfield, Minnesota, has used those 
changes to trace the rate at which the perma- 
frost is disappearing. In their desperate attempts 
to buttress themselves upright, his leaning 
spruces put on extra wood on the downslope 
side of their trunks. Counting the asymmet- 
rical tree rings that result and measuring the 
distance of each tree from the current bound- 
ary of the permafrost gives a measure of the pace 
of change. The results are shocking. An average 
warming across his sites of 1.3 °C since 1970 
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has brought with it a trebling of the thaw rate. 
In some places the permafrost’s perimeter is 
retreating by 30 centimetres a year’. If this trend 
continues, Camill estimates that no permafrost 
will be left in any of his five sites by the end of 
the century. 

Thawed-out permafrost has already under- 
mined buildings, highways and other infra- 
structure from Alaska to Siberia. The damage is 
one of the most visible effects of warming tem- 
peratures on human activities. But the effects 
on natural systems are to some extent more 
worrying. Buildings can be rebuilt, asphalt 
relaid and agricultural practices changed 
through adaptation, given the right policies 
and priorities (see page 716). But changes in 
the vegetation and, crucially, in the soils of the 
frozen northern landscapes might not be so 
easy to cope with. The soils of the Arctic are 
crammed with organic matter — a frozen res- 
ervoir of beautifully preserved roots, leaves and 
other raw material that may contain as much 
carbon as the whole atmosphere. They are 
quite unlike soils from more temperate regions, 
which are mostly made up of the parts that the 
bacteria cannot digest. “We are unplugging 
the refrigerator in the far north,’ says Camill. 
“Everything that is preserved there is going to 
start to rot” 
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For decades environmentalists have worried = 
about the possibility of this great putrefaction. 
It has become perhaps the most cited exam- 
ple of the biogeochemical feedback that could 5 
drastically worsen the effects of anthropo- < 
genic climate change. The idea is that humans 
increase levels of carbon dioxide in the atmos- 
phere, warming the permafrost, which in turn 
releases yet more carbon, warming the world 
— and the permafrost — further still in an 
ever-escalating positive-feedback loop. 

However, although such feedback has been 
discussed for almost as long as the threat of 
global warming has been taken seriously by 
scientists, the lack of firm data on the subject 
is striking. “There is a lot that we don’t know at 
this point,” says Walter Oechel from San Diego 
State University in California. “People haven't 
quite pulled the whole picture together yet 
— but what we do know is that the potential 
amounts are huge and very, very scary.’ 
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The big picture 

There is no doubt that the Arctic is heating up. 
Vladimir Romanovsky from the University of 
Alaska Fairbanks has collated borehole- and air- 
temperature data from throughout the Arctic’. 
He found that only one region in the Arctic 
had not warmed over the past 30 years — and 


in the 1990s even that region joined the trend. 
Some places are warming at more than twice 
the global average rate. Romanovsky recently 
received a US$1 million grant to take this moni- 
toring work further with a network of stations 
in North America and Russia. 

The effect that this warming will have on the 
permafrost and its stored carbon will vary from 
region to region. Not surprisingly, the most 
dramatic signs of thaw have come from the 
fringing, southerly regions of discontinuous 
permafrost — such as Camill’s research sites 
— where the frozen layer is only a few metres 
thick and average temperatures are already 
within a whisker of the melting point. In the 
colder Arctic the permafrost can be hundreds 
of metres thick and it is harder to know what 
to expect. In principle, the thawing might be 
quite slow, with the warmth at the surface being 
transmitted gradually into the colder depths. 
In practice, things are probably more complex, 
and in places more precipitous. 


Patchy progress 

Permafrost is defined as ground in which the 
temperature is less than 0 °C for at least two 
successive years. But the ground in question 
does not have to be at the surface. In most places 
the top part of the soil thaws during the 
summer, providing plants 

and microbes with an 
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flourish and decompose the defrosted organic 
matter. The probability that the active layer 
will deepen — putting a larger stash of carbon 
up for grabs — or that the permafrost will thaw 
completely depends on the type of vegetation 
and soil. Thus, thawing can accelerate rapidly 
if a fire passes through a dried- 
out forest in the uplands, or if 
the soil contains enough ice 
that thawing causes it to col- 
lapse, creating a crater-scarred 
‘thermokarst’ landscape. 
Researchers expect to see the 
first signs of thaw in a deepening 
of the active layer. But compli- 
cations from terrain, vegetation 
and other local conditions mean 
that data need to be collected 
continuously over several dec- 
ades to pick up such a trend. Unfortunately, 
the relevant measurements so far have been 
patchy and sporadic. In 1998, various organiza- 
tions involved in permafrost research banded 
together to receive funding as the Circumpolar 
Active Layer Monitoring (CALM) programme, 
hosted at the University of Delaware in Newark, 
to tackle the problem. The network now includes 
125 active sites and has participants from 15 
countries. Still, itis unlikely to bear fruit in the 
form of spotting unequivocal 
trends for some time. 
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“We are unplugging 
the refrigerator 
in the far north. 


Everything that is 
preserved there is 
going to start to rot.” 
— Phil Camill 


its future course is even harder. In 2005, two 
researchers from Boulder, Colorado — David 
Lawrence from the National Center for Atmos- 
pheric Research and Andrew Slater from the 
Cooperative Institute for Research in Environ- 
mental Sciences — published the results of the 
first attempt to project the fate 
of the permafrost through the 
twenty-first century using the 
climate predictions of a gen- 
eral circulation model (GCM). 
Their results made dramatic 
headlines. Using figures from 
one of the ‘high emissions’ sce- 
narios developed by the Inter- 
governmental Panel on Climate 
Change (IPCC) in the model 
resulted in 90% of the northern 
permafrost disappearing by 
2100. Of 10.5 million square kilometres of per- 
mafrost around today, only about 1 million made 
it through the century. Even more worryingly, 
running the model with a ‘low emissions’ sce- 
nario still wiped out 60% of the permafrost, sug- 
gesting that severe losses are inevitable no matter 
which policies are followed. And the model did 
not take into account any further warming from 
carbon given off in the thaw’. 


Thick and thin 

The model has since attracted some criticism, 
most notably because its permafrost is a mere 
3.4 metres thick throughout the Arctic, which 
is far from the hundreds of metres present in 
some regions. However, Lawrence says that he 
has since re-run the model for a mid-way emis- 
sion scenario and dealt with some of the other 
criticisms at the same time, and the results 
remained more or less the same. He says that 
the model captures many important aspects of 
the Arctic system — including the hydrology 
and physical properties of the soil — and that 
the point is not so much the actual percentage 
of loss but the overall principle that a fright- 
eningly large amount of permafrost could be 
vulnerable to quite small changes in climate. 
“Tn this field you have to accept that we won't 
have a perfect knowledge of what's happening 
up there,” he says. “But we should be able to 
capture the fundamental properties. And so 
far the model shows that a major change is 
going to happen to the Arctic.” 

Perhaps the most intriguing of the com- 
plications that Lawrence's original work did 
not address is the suspicion in the minds of 
some researchers that the permafrost itself is 
putting up a defence against the thaw — a set 
of negative feedbacks. For instance, Oechel 
points out that warmer temperatures lead to 
a thicker layer of moss on the surface of his 
research sites in the Alaskan tundra. Because 
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moss is a superb insulator, especially 
when dried out by surface warming, 
the thickened vegetation helps to 
shield the frozen soil beneath from 
the warmth above. In one of the 
north-south transects he studies on 
Alaska’s North Slope, the warmest, 
southernmost section has both the 
thickest layer of moss on the surface 
and the shallowest active layer. 
Frederick Nelson at the Univer- 
sity of Delaware points to another 
self-preserving feature of perma- 
frost. The base of the active layer, 
he says, can become especially icy 
because water draining down there 
will pool above the impermeable 
layers below. The richer this layer 
is in ice, the more difficult it is to 
thaw, preventing the active layer 
from deepening further’. Even snow 
cover does its part. Like moss, snow 
is an effective insulator. But because 
it falls in the winter, it works in the 
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Mosses act as insulators for underlying permafrost. 
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added in they are still sources, not 
sinks, overall’. Another factor is the 
northern march of the treeline. As 
the region warms, the growth of new 
forests over what was once tundra 
could also help to reduce the net 
release of carbon. 

However, even if the surface eco- 
system starts to take up more car- 
bon, the old, dead material frozen in 
the soil still needs to be considered. 
What’s more, the overall amount of 
carbon emitted is not necessarily 
the whole story. Torben Christensen 
at Lund University in Sweden also 
has data on the carbon balance that 
span several decades, in his case 
from a low-lying mire in the patchy 
permafrost of northern Sweden’. As 
the permafrost has steadily thawed, 
the ground has grown soggier; the 
previous hummock vegetation has 
been replaced by sedges, which are 
better at tolerating wet roots. The 


opposite direction, shielding the 

soil from cooling further in air temperatures 
that can be as low as —40 °C. Camill noticed 
that the snow at some of his sites has thinned 
in the past few decades, which may cause the 
soil to grow colder in winter than it used to 
and thus store up protection against the heat 
of the following summer. Increased forest 
cover can have a similar effect, causing snow 
to be thinner beneath the trees than it would 
have been on open ground. “At face value you 
would expect the permafrost to start thawing 
really rapidly as temperature rises, but these 
feedbacks can keep it around longer than you 
would expect,’ says Camill. 


Pushing the boundaries 
But these effects can't last forever — and 
although they might forestall thawing, the sud- 
den change in conditions when one or more of 
them fails might lead to quicker thawing there- 
after. A few really hot summers could break 
through the ice barrier. And Oechel is already 
worried about his mosses. He has noticed that 
they are highly sensitive to direct sunlight, and 
now that the Arctic has fewer cloudy days the 
mosses could well begin to suffer. Loss of any or 
all of these protections would allow any thaw to 
accelerate. “It is difficult to push permafrost over 
the threshold of thawing,” says Romanovsky. 
“But after tipping it will go by itself”. 
Uncertainties about thawing obviously com- 
plicate the question of how much greenhouse 
gas the permafrost will emit — but they are 
not the only complications. Oechel has been 
tracking the carbon balance of his Alaskan 
tundra for several decades. After a serious 
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bout of warming in the late 1970s, he saw the 
region emit a mighty pulse of carbon dioxide 
—a pulse that is now showing signs of tailing 
off. He suggests that one possible reason for the 
decline is that the initial orgy of decomposition 
spurred by the warming released nitrogen-con- 
taining nutrients into the soil. The plants have 
now responded to the additional nutrients by 
growing more and taking up carbon dioxide in 
the process. Oechel thinks that in the summer 
some of his sites now take up more carbon than 
they emit, although when winter emissions are 
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Thawing ice under the surface can cause the 
landscape to collapse. 
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water seals the underlying soil from 
the air, which means that decomposition has 
to proceed without the benefit of oxygen. 
This slows things down, and has reduced the 
region's carbon emissions by 13% since 1970. 
However, the carbon that is released by this 
oxygen-free decomposition comes out in the 
form of methane, rather than carbon dioxide, 
and methane packs a far greater warming 
punch than its oxidized sibling. So the overall 
greenhouse effect of the mire has actually gone 
up by a disturbing 47%. 


Back to biology 
These are the sorts of issues that future 
attempts to model the process will need to take 
into account. Lawrence says that the next phase 
of this work will be to treat the biology more 
carefully, incorporating carbon and nitrogen 
cycles into the models, allowing the vegeta- 
tion to respond to the changes in climate, and 
modelling sources of methane. According to 
Nelson at least half a dozen groups around the 
world are planning to develop their GCMs to 
address at least some of these aspects of the 
permafrost thaw, and the plan is to have a 
much more extensive set of predictions in the 
next IPCC report, in five years time. 
Knowing more about the thaw, though, will 
allow useful predictions of carbon emissions 
only if researchers can also quantify the amount 
of organic matter in the soils. A series of work- 
shops under the auspices of the Global Carbon 
Project and the International Polar Year is aim- 
ing to answer those questions. Current estimates 
of the amount of carbon that might be in play 
range from 350 gigatonnes to more than 900 Gt; 
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Fire and ice: decomposition under thaw lakes is releasing large amounts of methane, which bubbles to the surface and adds to carbon emissions. 


by way of comparison, the atmosphere contains 
750 Gt or so. The estimates at the high end of the 
scale are based on the discovery of a new, vast 
pool of buried carbon — a type of wind-blown 
soil called yedoma, which was laid down over 
large tracts of northern Siberia in the ice ages. 


Rich sources 
Stuart Chapin, also from the University of 
Alaska Fairbanks, says that 
the yedoma soil is extraor- 
dinarily rich in carbon. Last 
year, he and his colleagues 
estimated the range and pos- 
sible thickness of this layer 
and calculated that it alone 
could contain 450 Gt of car- 
bon, compared to the esti- 
mated 350-450 Gt in the rest 
of the Arctic’. This number, 
says Chapin, is probably “only good to within 
a factor of two”; but even half of such a huge 
amount would be significant, whereas twice 
as much hardly bears thinking about. Camill 
points out that humans release around 9 Gt of 
carbon per year from fossil fuels and deforesta- 
tion. “If just 1% of [the possible 900 Gt in the 
yedoma] is decomposed in a warmer world it 
would be as if we doubled our current rate of 
emissions. That's what is alarming” 
Ominously, the first signs that parts of the 
continuous permafrost might now be thawing 
have come from lakes that overlie this carbon- 
rich yedoma. Katey Walter from the University 


“It is difficult to push 
permafrost over the 
threshold of thawing, 


but after tipping it will 
go by itself.” 
— Vladimir Romanovsky 


of Alaska Fairbanks and colleagues have been 
tracking the methane that bubbles out of thaw 
lakes in northern Siberia. These lakes don't nec- 
essarily arise from global warming. Any local 
disturbance can trigger a temporary thaw in 
the permafrost. As the ice melts, the ground 
sinks and fills with water. The lakes then tend 
to migrate across the landscape, eroding away 
their margins, and can last as long as a thou- 
sand years; their sideways 
motion allows them to eat 
through permafrost much 
more quickly than would a 
steady heating pulse head- 
ing down from the surface. 
And decomposition in their 
oxygen-free depths and the 
thawed sediment beneath 
will produce methane, not 
carbon dioxide. 

How much methane nobody realized until 
recently — mainly because it bubbles out from 
random parts of the lake and disappears unno- 
ticed into the air. Walter and her colleagues 
managed to catch this methane in the act, by 
noting where the bubbles emerged when the 
lake froze over in the winter, and then leaving 
instruments to catch the emissions throughout 
the following year®. They calculate that bub- 
bling lakes from northern Siberia are already 
responsible for nearly four million tonnes of 
methane a year, and that the amount is on the 
rise. Warmer temperatures mean that the lake 
area in Walter’s study region has increased 
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greatly in the past few decades, leading to a rise 
in methane emissions of nearly 60%. And that 
methane seems to be coming from the depths 
of the permafrost: its lack of carbon- 14, an iso- 
tope continually made in the atmosphere that 
takes thousands of years to decay, suggests that 
the organic matter beneath the lakes has been 
stored away for a very long time. 

This and the Arctic’s other warning signs 
make it increasingly urgent that researchers 
resolve their remaining questions about the 
fate of the permafrost. And those answers 
won't come a moment too soon. “We have 
been asleep at the switch,” says Oechel. “If you 
look at the things that were said in the 1970s 
about the Arctic’s response to increasing CO,, 
the place we were off is not that we overstated 
or were overly pessimistic, but that we were 
not aggressive enough about the predictions. 
To me, the precariousness of the situation is 
now clear. We are in a world of hurt” | 
Gabrielle Walker is the author of 
An Ocean of Air. 
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AL'S ARMY 


CLIMATE CHANGE 2007 NEWS FEATURE 


Members of the public are taking to the streets to spread Al Gore’s message of climate 
crisis. Amanda Haag meets the foot soldiers of global warming. 


t's after hours at Monarch High School in 

Louisville, Colorado, and the hallways have 

fallen silent. In one classroom, a handful 

of high-school science teachers sit at desks 
usually occupied by biology students. Mark 
McCaffrey is giving a talk on how to teach glo- 
bal warming, and he points to a PowerPoint 
projection of the full-Earth shot snapped by 
Apollo 17 astronauts: the iconic ‘blue marble. 
“Everything that’s ever happened in human his- 
tory has happened on this fragile little space- 
ship Earth,” he says, almost reverentially. 

If this seems familiar, it could be because it 
sounds like Al Gore. McCaffrey is one of roughly 
1,000 volunteers who, since last September, have 
been through a two-and-a-half-day training ses- 
sion with former US vice-president Gore and 
his staff in his home town of Nashville, Tennes- 
see. The point is to spread the message of Gore's 
Oscar-winning documentary on climate change, 
An Inconvenient Truth. Trainees learn how to 
manoeuvre through the science of Gore's 300- 
plus slide presentation and to discuss weighty 
topics such as rising carbon-dioxide concentra- 
tions, the physics of hurricane intensity and the 
mechanics of sea-ice retreat. 

They then return to their communities 
hoping to reach as many others as possible, in 
high schools, churches, city council meetings, 
businesses and retirement homes. McCaffrey, 
whose day job involves science education and 
outreach for a joint institute at the Univer- 
sity of Colorado, Boulder, says that one of his 


motivations was to improve his understanding 
of climate science so that he could respond to 
naysayers. “The sceptics would derail me and 
Id get flustered and not know how to respond,’ 
he says. “Sometimes they’re scientists from out- 
side the field of climate, but they know enough 
about how to throw up uncertainty and plant 
doubts in people's minds.” 

Gore calls the trainees his “cavalry”, but a 
more apt name might be missionaries, given 
the fervour with which they approach their 
roles. One volunteer, from Hackett, Arkansas, 
signs off his e-mails as “Robert McAfee, Cli- 
mate Change Messenger”. Gary Dunham, an 
independent voter from Sugar Land, Texas, 
says he had a near-religiouS pps 
conversion while watching 
An Inconvenient Truth. “I went 
to see the movie intrigued by 
what it was about but certainly 
not believing in the global- 
warming message,’ he recalls. 
“Within 15 minutes I com- 
pletely changed my viewpoint. 
I don't think I’ve heard a politi- 
cal speech that really motivated 
me to get up and do something 
since John Kennedy’s day.” 
And volunteer Reggie Allen 
of Keller, Texas, says he sees 
the need to disseminate the 
“truth” about global warm- 
ing as a mission akin to the 
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Al Gore's Oscar-winner has 
made climate change a hot topic 
for debate in the United States. 


civil-rights movement, for which his parents 
used to march after church on Sundays. 

The volunteers were chosen from several 
thousand applicants, and include a middle- 
school student, priests, mayors, nuclear engi- 
neers, right-wing conservatives, Wal-Mart 
employees, Miss Rhode Island and Cameron 
Diaz. No matter what their walk of life, their 
motivation is the same: to tell their friends, 
families and neighbours that human activities 
are altering global climate and that each person 
can do something about it. 

The mission begins in Nashville where, on 
the first full day, Gore himself leads 90% of the 
training, walking volunteers through the sci- 
ence slide by slide. He takes 
| questions, and a scientist is 
» always present to help answer 
them. Gore’s team includes 
a rotation of four scientists, 
including Michael Mac- 
Cracken, chief scientist for 
climate change at the Climate 
Institute in Washington DC 
anda longtime contributor to 
the Intergovernmental Panel 
on Climate Change, and glaci- 
ologist Richard Alley of Penn- 
sylvania State University. 

On the second day, the 
trainees break into smaller 
groups to practise giving the 
presentations themselves. 
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14-year-old Alex Budd is the youngest volunteer spreading Al Gore's message on climate change. 


“They blow you out of the water because 
theyre speaking from their hearts,’ says Carey 
Stanton, senior director for education at the 
National Wildlife Federation, and one of Gore’s 
staff. “When they're backed up by really know- 
ing the science, they're very good” 

Trainees are encouraged to tailor their talks to 
individual audiences while still preserving the 
framework of Gore’s presentation. For instance, 
the inspirational images of Earth from space 
are expected to bookend the presentations, as 
they do the film. In his presentation, McCaffrey 
shows about a third of the available slides. 


Made to measure 

McCaffrey veers away from the original pres- 
entation mainly to use examples he sees as 
effective for spreading the message to young 
people. “If you just have a laundry list it’s going 
to go in one ear and out the other. At least that’s 
my experience with a teenager in the house,” 
he tells his audience. He also mentions oppor- 
tunities for students to take the lead in being 
part of the solution, such as by initiating car- 
bon-neutral school programmes. 

The Gore campaign has garnered a near cult- 
like following. In December, the left-wing advo- 
cacy group MoveOn.org campaigned to have the 
documentary aired on the same day and time 
across the United States. Training sessions have 
taken place in Australia and the United King- 
dom. And last week, Gore supporters flooded 
the website of Step it Up, a group planning a 
‘National Day of Action on Climate Change’ on 
14 April, and nearly shut the site down. 

But the movement hasn't had a warm 
reception in all quarters. In November, the 
producers of the film sought to have it mass- 
distributed to high-school classrooms, offer- 
ing to deliver 50,000 free DVDs to the National 
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Science Teachers Association. The association 
baulked, saying that it doesn’t send out unsolic- 
ited material to its members and that doing so 
would “constitute an endorsement” that might 
trigger other “special interests” to ask it to dis- 
tribute material. Laurie David, one of the film’s 
producers, publicly criticized the association's 
unwillingness to distribute the DVDs — even 
though the group offered to post links to the 
film on its website and to make it available to 
anyone who requested it. 

And in January, the school 
board of Federal Way, a district 
near Seattle, Washington, made 
national news when it placed 
a temporary moratorium on 
showing An Inconvenient Truth. 
A parent had complained that 
the film presents only one side 
of the global-warming debate, 
and district policy states that 
teachers who choose to show 
material containing “bias” 
must also present a “credible, 
legitimate opposing view” and 
that the principal and superin- 
tendent must grant permission. 
The moratorium has since been 
lifted. 

Even in school districts as left-leaning as 
Boulder, a quieter undercurrent of dissent brews 
about how — and how much — global warming 
should be taught in the classroom. Some Boulder 
Valley teachers showed An Inconvenient Truth in 
class and met with resistance from parents and 
other teachers afterwards. “Teachers tend to shy 
away because we don't have the political support 
and backing for controversial issues,” says Kris- 
tin Donley, who coordinates science curricula 
for the Boulder Valley School District. She is 
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working to develop a unit on climate change for 
her classes. Some of the basic concepts, such as 
the carbon cycle and the greenhouse effect, are 
taught by default in physical sciences, Donley 
says. But the curricula offer a lot of leeway, and 
teachers can choose whether or not to broach 
the topic of global warming. 


Lesson plan 

McCaffrey came to the school after hearing that 
teachers in the district were interested in includ- 
ing climate change in their lessons. As he flips 
through his final slides, he charges the teach- 
ers to embrace the opportunity to reach today’s 
youth. “We have a huge challenge in front of us,” 
he says. “You as educators have a particularly 
important job in communicating the basics of 
climate and the context around it” 

Afterwards, one teacher brings up the fact 
that the film uses the word ‘truth’ in its title. 
But isn’t science only supposed to deal with 
theories, he asks, and how does one explain this 
to students? Another teacher points out that 
his students didn't understand the meaning of 
peer-reviewed science as discussed in the film. 
Isnt it likely that this point is missed by most of 
the American public, too, he asks. McCaffrey 
suggests that a role-playing activity on peer 
review might help drive the point home. 

After all, not all teenagers are as attentive to 
the science of climate change as 14-year-old 
Alex Budd, of Boulder, who 
believes that doing something 
about climate change is a moral 
imperative. Alex heard about 
the programme from an aunt 
who lives in Tennessee, and was 
the youngest volunteer trained 
under Gore's tutelage. He and 
McCaffrey, along with another 
Colorado-based volunteer, 
Steve Wilton, have given the 
presentation together in the 
Boulder area. “We're destroying 
our planet,’ Alex says matter- 
of-factly. “That's not an issue of 
politics or economics. That's just 
morally wrong.” He brings up 
what he learned from the Gore 
training over lunch at school 
“or anywhere that I can just say a word or two”. 
The biggest difference can be made by the small 
things people can do, he says, rattling off a list 
that includes compact fluorescent light bulbs 
and improving home insulation. 

“I really wanted to make sure people at 
least know what's happening,’ Alex says. “It’s 
not going to be easy. That’s why they call it an 
inconvenient truth. It’s true but it’s not some- 
thing that fits right into your schedule” 
Amanda Haag is a science writer in Colorado. 
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Save your notes, drafts 
and printouts: today's 
work is tomorrow's history 


SIR — Science is one of the greatest cultural 
achievements of humankind. And yet — 
although we assiduously preserve the 
preparatory sketches of artists, the drafts 

of novelists and the manuscript scores of 
composers — there is little systematic 
preservation of the workings of scientists. 
This is certainly regrettable for historical 
studies of modern experimental biology. 
Since the discovery of the double helix in 
1953, biological research has flourished at an 
ever-increasing pace and many basic insights 
continue to emerge. Our knowledge of the 
workings of organisms from all branches of 
life is increasing at an unprecedented rate, 
making it imperative that we document the 
history of these discoveries. 

Most recently, the computational analysis 
of the completely sequenced genomes of 
many organisms are driving research and 
guiding experiments. A new generation of 
tools such as microarrays, advanced imaging 
systems and single-molecule techniques 
are fundamentally changing experimental 
protocols. Where are the original notes, 
and the patent and manuscript drafts that 
accompanied these stupendous advances? 
Nowadays, these are recorded in ephemeral 
electronic media that are far too easily lost 
with the push ofa button or the failure of 
ahard drive. Yet historians need all forms 
of data about the workings of scientists so 
that they can document the development 
of today’s innovations and inspire future 
generations to pursue similar lofty goals 
in science. 

Along with these advances in academic 
science, the new industry of biotechnology 
came into being. Many of the scientists 
who led advances in the laboratory were 
instrumental in establishing biotechnology 
as a central discipline. Entrepreneurs and 
venture capitalists also played an important 
role, recognizing how research in academia 
could be applied for the benefit of society. 
Their records, too, will throw an important 
light on scientific history. 

Fortunately, there is increasing interest 
among historians of science and institutional 
archives in preserving this history. Top-notch 
institutions across the United States are 
establishing archival collections related to the 
history of molecular biology and chemistry. 
Taking a lead in this endeavour is Cold 
Spring Harbor Laboratory, which has 
recently expanded its library and archives 
by establishing the Genentech Center 
for the History of Molecular Biology and 
Biotechnology (see http://library.cshl.edu/ 
GCHMBB/index.html). This is funded 
through the generosity of the pioneer 
biotechnology company, Genentech. 


Several important collections, including 
Jim Watson’s and S. B’s personal papers, 
are already in the archives or pledged for 
the future. 

We encourage all who have played a part 
in the developments of molecular biology 
and biotechnology over the past 50 years, and 
who are continuing this remarkable journey 
into the future, to preserve their papers 
and donate them to institutions that are 
committed to making them freely accessible 
to scholars. Let’s not wait until memories 
have faded and papers been discarded at the 
end of a career before deciding to save our 
heritage. Future historians of science and 
social science should not have to look back 
and wonder how it was possible that we 
discarded the records of our lives in science. 
Sydney Brenner’, Richard J. Roberts} 

*Salk Institute for Biological Studies, PO Box 
85800, San Diego, California 92186, USA 
+New England Biolabs, 240 County Road, 
Ipswich, Massachusetts 01938, USA 


Reliance on bibliometric 
databases can let you down 


SIR — Publications not indexed in listings 
such as the ISI Web of Science are, these days, 
considered of questionable merit. In more 
collegial times, research performance not 
adequately represented by application of 
such standardized metrics could be evaluated 
fairly — for example, with allowances for lack 
of coverage of some disciplines, for citation 
behaviour in different disciplines, and for the 
existence of prestigious alternative forums. 
Your News Feature “The counting house” 
(Nature 415, 726-729; 2002) drew attention 
to some problems with bibliometric 
databases and their uses, and many of the 

64 citations of this News Feature listed since 
then in the Web of Science provide further 
analyses of problems. 

ISI has recently delisted a number of 
publications from the Web of Science without 
informing the affected publishers or editors, 
or publishing a full list of the excisions. 

The motivation seems to have been to 
focus the Web of Science on journals and 

to move conference proceedings to another, 
little-known product, ISI Proceedings — 
notwithstanding the fact that many 
journals have special issues containing 
conference proceedings. 

Proceedings of the Combustion Institute, an 
important archive in the multidisciplinary 
field of combustion dating back to 1928, 
is one of the affected publications. Because 
its peer-reviewed papers are presented at 
the biennial International Symposium on 
Combustion, they will no longer be listed in 
the Web of Science. According to ISI, the 
decision to exclude this publication “was not 
based on an evaluation of its importance to 
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the community of scholars it serves”. 

This experience adds a new dimension to 
problems with excessive reliance on citation 
analyses. The Web of Science database itself 
is subject to unaccountable adjustments 
without scientific justification or regard 
to scientific importance. 

Brian Haynes 

The Combustion Institute, 

5001 Baum Boulevard, Suite 635, 
Pittsburgh, Pennsylvania 15213-1851, USA 


Increasing prose quality by 
decreasing word repetition 


SIR — ‘Increase’ and ‘decrease’ are serviceable 
English words, so why is it my mission to 
winnow them from the prose that I edit 
daily? As a technical editor in a university 
department, I do not demand poetry from 
my writers; scientific accuracy and logical 
flow are paramount. Nevertheless, I long for 
an occasional fresh alternative to ‘increasing’ 
and ‘decreasing’ quantities, measurements 
and all manner of other too-familiar turns 
of phrase. 

Must mice always have ‘a decreased tail 
length’? I admire the professionalism that 
refrains from a description of ‘adorable, 
stumpy little mouse tails, but what is wrong 
with ‘shorter tails’? It saves two words for 
writers tearing their hair out over journals’ 
word counts, and is no less precise. 
‘Fluoresce’ is a lovely word, so why ruin 
its inherent lyricism with a dull ‘increase’? 
Try ‘brighter’ fluorescence occasionally, 
or even ‘more intense. 

I challenge all scientific authors: search 
your documents and count how often you 
use these two simple words, not forgetting 
permutations such as ‘increasing’ and 
‘increased. You may be surprised at how 
frequently they rear their heads. 

If so, I urge you to seek a remedy. There 
are times when only an increase or a decrease 
will do. Make those times count, and use 
the full expanse of the English language 
to broaden your prose elsewhere. Sheer 
repetition is anaesthetizing, and the aim 
(one hopes) is to keep the reader awake as 
well as informed. Strive for accuracy, logic 
and truth; but in matters of style, simple 
variety is a welcome spice. 

Cheryl Strauss 

Department of Human Genetics, 

Emory University School of Medicine, 

301 Whitehead Biomedical Research Building, 
615 Michael Street, Atlanta, Georgia 30322, USA 


Contributions to Correspondence may be 
submitted to correspondence@nature.com. 
They should be no longer than 500 words, 
and ideally shorter. They should be signed 
by no more than three authors; preferably 
by one. Published contributions are edited. 
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Spring-time for sinks 


Carbon sinks play a key role in slowing the growth of carbon dioxide levels in the atmosphere. These sinks 
are at risk as the world warms, but their demise is not inevitable, say Dave Reay and his colleagues. 


is creeping northwards. On the trees the 

buds are bursting, their leaves unfolding 
to luxuriate in an atmosphere more enriched in 
carbon dioxide than at any time in the previous 
650,000 years. In the next few months, global 
CO, concentrations will start declining from 
their annual — and record-breaking — peak' 
(see graph). This happens as the northern bio- 
sphere converts more and more atmospheric 
CO, into carbon for storage in terrestrial sinks, 
such as plants and soils. 

With longer growing seasons and earlier 
spring ‘greening, the amount of carbon accu- 
mulating in the terrestrial biosphere increased 
from 0.2 + 0.7 billion tonnes per annum in the 
1980s to 1.4 + 0.7 billion tonnes in the 1990s. 
But if the terrestrial carbon sink has played a 
part in slowing the rate of recent CO, increase, 
the oceanic carbon sink — which mops up 
twice as much anthropogenic carbon as the 
land sink — has been even more crucial. 
Together, these sinks sequester around half of 
the 6.4 billion tonnes of anthropogenic car- 
bon emitted each year. As such, they are key 
to determining how rapidly atmospheric CO, 
concentrations, and so global temperatures, 
will increase during the twenty-first century. 

What does the future hold for these sinks? 
The latest evidence, summarized by the 


\ cross the Northern Hemisphere spring 


Intergovernmental Panel on Climate Change 
(IPCC) Working Group II report (WGI) last 
week, suggests that we cannot rely on the ter- 
restrial and oceanic sinks to go on mopping 
up our excessive CO, emissions indefinitely. 
As reported by the IPCC, global warming 
tends to reduce both land and ocean uptake 
of atmospheric CO,, so increasing the frac- 
tion of anthropogenic emissions that stays in 
the atmosphere. This is serious because if we 
take the globally averaged CO, concentrations 
since 1980 and add to these the additional CO, 
that might have accumulated in the atmosphere 
in the absence of the land and oceanic carbon 
sinks, we estimate 10% higher CO, concentra- 
tions in 2006. 

Of course, the uncertainties surrounding 


Global monthly mean CO2 


Wo W 
co @ 
QS 


Ww WwW WW 
—| 
fox 


CO2 concentration (p.p.m.) 


3724 : 
2002 2003 2004 2005 2006 2007 
Year 


©2007 Nature Publishing Group 


the impacts of climate change on these carbon 
sinks are large, but in our view that is no excuse 
for inaction. By exploring ways in which we can 
enhance carbon sequestration, we can make 
the land (and perhaps even the ocean) sinks 
part of the solution to human-induced climate 
change, rather than part of the problem. 


Sink to source 
Given its importance, it is surprising that the 
impacts of climate change on the huge oceanic 
carbon sink received scant coverage in the 
latest WGII report. Uncertainty is doubtless 
to blame, even though some effects are well 
understood. As long as CO, is increasing in the 
atmosphere, the ocean will continue to take up 
carbon. But as CO, concentrations rise, oceanic 
pH will fall, and with the changing chemis- 
try of the ocean, the efficiency with which it 
absorbs carbon is projected to decrease. 
There are other indirect ways that climate 
change could affect the future oceanic sink. 
Some changes, such as rising seawater temper- 
atures and increased stratification — whereby 
less mixing between layers may starve sur- 
face waters of nutrients — could reduce CO, 
uptake. Others, such as increased CO, uptake 
in the high-latitude ocean due to less sea-ice 
cover and increased biological productivity, 
could increase oceanic uptake. Still, most cli- 
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mate models predict that a smaller fraction of 
anthropogenic CO, emissions will be absorbed 
over time as the ocean acidifies”. 

Worse may be in store for the land sink. 
According to the WGII report, terrestrial 
ecosystems are highly likely (more than a 
90% chance) to become net sources of CO, in 
the latter half of the twenty-first century. This 
is the strongest statement yet on terrestrial 
carbon, and has huge implications for global 
climate change. According to the IPCC’s lat- 
est predictions, the decline in the oceanic sink 
and a switch from carbon sink to source on 
land could increase the global temperature in 
2100 by more than 1 °C. 

The future of the terrestrial carbon sink may 
seem bleak, but it doesr’t have to be. Yes, the 
elevated global temperatures and changes in 
precipitation predicted for 2050 could induce 
a switch from sink to source as warmer soils 
release more carbon and forests suffer more 
drought. In reality, things are more uncertain. 
Humans have been managing terrestrial eco- 
systems for our own ends for millennia — from 
deforestation and agriculture, to increasing 
fertilizer and pesticide use. Of the 50 billion 
tonnes of carbon currently locked up in ter- 
restrial biomass and vulnerable to release in the 
next 20 years, 40 billion tonnes is put at risk not 
by changes in climate, but by changes in land 
use. Climate change may be the greatest threat 
to this huge carbon stock towards the end of 
the century. In the shorter term, it is chainsaws 
and ploughs, not drought and extreme temper- 
atures, that we must address. 


Hope for the future 

Some may see our transformation of Earth’s 
land surface as part of the problem, that the 
combined grip of more than 6 billion people is 
squeezing the terrestrial carbon 


Carbon sinks are at greater immediate risk from land-use changes than from global warming. 
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concluded that through such approaches a 
cumulative increase in terrestrial carbon of 

up to 100 billion tonnes is possible by 2050. 
Despite their huge potential, protect- 
ing or enhancing carbon sinks has received 
inadequate attention from the international 
community. In 2001, the Kyoto Protocol 
members agreed that richer nations could use 
their carbon sinks to meet their Kyoto com- 
mitments to reduce emissions. As part of the 
Protocol’s Clean Development Mechanism 
(CDM), rich nations were also able to count 
cuts in emissions achieved through afforesta- 
tion and reforestation projects in developing 
countries. But sinks could be used to meet 
only a small part of their total commitment 
and, of the more than 570 registered CDM 
projects at the time of writing, 


sinks from every direction. But “Protecting or only one — the reforestation of 

in this powerful grip mayalsolie enhancing carbon degraded land in China’s Pearl 

part of the solution. sinks has received River Basin — is actually aimed 
Deforestation is the single big- = at sink enhancement. 

gest threat to the terrestrial car- inadequate The 2008-12 commitment 


bon sink. Over the past 200 years 
it is thought to have been respon- 
sible for 30% of the anthropogenic increase 
in atmospheric CO, concentrations’. Slow- 
ing deforestation rates could therefore help 
to stabilize carbon emissions from terrestrial 
ecosystems’, as could enhanced carbon uptake 
through afforestation and reforestation. 

The conversion of soils from natural to agri- 
cultural use has also led to substantial losses 
in terrestrial carbon. Throughout history, 
soils are thought to have lost between 40 bil- 
lion and 90 billion tonnes of carbon globally 
through cultivation and disturbance’. Again, 
sensitive land-use practice can help to protect 
the remaining soil carbon stocks, and perhaps 
reverse recent trends. Through practices such 
as no-till agriculture, more efficient fertilizer 
use, and the planting of vegetation with higher 
carbon returns to the soil, the soil sink can be 
significantly enhanced. A 2000 IPCC report* 
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period for the Kyoto Protocol is 

coming to an end and the ques- 
tion of what will follow is the subject of much 
debate. Terrestrial sinks are time limited and 
reversible, so do not replace the need for emis- 
sions reduction. But to make them part of the 
wider solution they must be better integrated 
into future international agreements. 


A quick fix? 

In general, any approach to mitigating emis- 
sions or adapting to climate change needs to 
consider the potential feedbacks on both ter- 
restrial and oceanic carbon sinks. For example, 
biofuels are growing in popularity as a direct 
substitute for fossil fuels because of the hope 
that they can partly offset carbon emissions. A 
recent estimate suggests that, by 2030, about 
750 million tonnes of fossil carbon emissions 
could be offset by biofuels each year®. But some 
biofuels, such as corn ethanol, have similar net 
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carbon emissions to fossil fuels’. It is also likely 
that any massive increase in biofuel production 
would be at the expense of existing vegetation 
and soil carbon sinks. 

Can we do anything to enhance the much 
larger oceanic carbon sink? Efforts to enhance 
ocean productivity, and therefore carbon 
uptake, through iron fertilization have had 
short-term results in areas such as the South- 
ern Ocean. But visually impressive algal 
blooms may do little to enhance long-term 
carbon uptake. To make any difference on a 
global scale you would need to keep fertiliz- 
ing, indefinitely, a much larger area of the 
ocean. Attractive as the idea of a ‘quick fix for 
human-induced climate change may be, such 
schemes are expensive and their side effects 
poorly understood. Perhaps climate change 
will be so rapid, and its impacts so severe, that 
such geoengineering will one day be required. 
Today, though, it is through the protection and 
enhancement of the terrestrial carbon sink that 
we can better engineer our future climate. ™ 
Dave Reay is at the School of GeoSciences, 
University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JN, UK; Christopher Sabine 
is at the NOAA Pacific Marine Environmental 
Laboratory; Pete Smith is at the University of 
Aberdeen; and Graham Hymus is at Northern 
Arizona University. 
e-mail: David.Reay@ed.ac.uk 
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Industrial relations 


What lessons can be learned from a landmark deal between a company and a university department? 


Universities in the Age of Corporate 
Science: The UC Berkeley-Novartis 
Controversy 

by Alan P. Rudy, Dawn Coppin, Jason 
Konefal, Bradley T. Shaw, Toby Ten Eyck, 
Craig Harris & Lawrence Busch 

Temple University Press: 2007. 256 pp. 
$54.50 


Scott Wallsten 

Universities can be ambivalent about their 
relationships with industry. Ideally, researchers 
can carry out fundamental scientific research 
without having to worry about commercial 
applications. Industry, on the other hand, is less 
likely to undertake research into basic science 
because of the limited return, and so is more 
likely to focus on research that yields commer- 
cial products. In principle, then, university and 
industry research are complementary. 

But the reality is not always this simple. Indus- 
try scientists sometimes pursue fundamental 
science, and university scientists sometimes 
work on projects that will potentially yield com- 
mercial payoffs. Moreover, there is not always 
a clear line between applied and fundamental 
research. Industry and university research 
can overlap substantially, with collaborations 
producing benefits to society as well as sup- 
porting financially constrained academics. 

The challenge is how to foster relationships 
between industry and academic scientists in 
ways that enable university researchers to 
keep their academic independence while 
allowing companies to generate returns for 
their shareholders. Balancing these objectives 
is not easy. 

Industrial support of university research 
is nothing new, and in recent years both gov- 
ernments and universities have tried to find 
ways of bringing university research to the 
market. Nevertheless, the agreement between 
the University of California, Berkeley, and the 
pharmaceutical giant Novartis (the UCB-N 
agreement) in 1998 was unusual in both its size 
and its scope, and was highly controversial (see 
Nature 399, 5; 1999). As a way of resolving the 
controversy, the university agreed to commis- 
sion a study of the UCB-N agreement and its 
impact. Universities in the Age of Corporate 
Science is the outcome of this study. 

The book provides fascinating details of the 
deal, the players and the controversy, and does 
an admirable job of empirically and qualita- 
tively measuring the effects of the agreement 


Crushed underfoot? Many researchers were unhappy at a deal 
between the University of California, Berkeley, and Novartis. 


resentment between departments 
over resources. Second, many 
perceived that the deal was not 
sufficiently transparent and that 
it was made with scant input 
from groups that could have been 
affected, such as graduate students 
and postdocs. Third, Novartis 
was given unprecedented access 
to the department’s research, 
including the right of first refusal 
to licensed discoveries — regard- 
less of whether or not they were 
funded by Novartis. 

Ultimately, though, none of the 
opponents’ fears about industry 
affecting university research were 
realized. The authors conclude: 
“it appears that UCB-N resulted 
in modest benefits and very little 
harm” to the department. 

The authors labour to draw 
general lessons from the UCB-N 
experience, although it is not 
obvious that there are many to be 
drawn. Generalizing lessons from 
acase study is often problematic, 
particularly if there are factors 
specific to the case. For example, 
as the authors note, Novartis was 


on scientific research. It succeeds in its aim of 
analysing the UCB-N deal despite being writ- 
ten in a way likely to appeal more to sociolo- 
gists than to people interested specifically in the 
issue, especially in the early part of the book 
— the reader is not properly introduced to the 
UCB-N agreement until the fourth chapter. 
Alan Rudy and co-authors attempt to put a 
theoretical structure on the analysis — a laud- 
able intention as testable theories help to frame 
analyses and clarify the precise questions being 
asked. In this case, though, theory does little 
to structure the analysis. The reader’s reward 
for ploughing on is an in-depth discussion of 
the UCB-N deal and the firestorm it ignited. 
The authors explain the many factors that 
came together to intensify the controversy. 
First, the deal was unique in that the company 
made the agreement with an entire univer- 
sity department, rather than with just a single 
researcher. As a result, and unlike the usual 
grant funding system, the agreement subjected 
an entire population of researchers to its stipu- 
lations. It also seems to have exacerbated some 
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undergoing radical corporate 
restructuring throughout much of the agree- 
ment, so the extent of its involvement may 
have been affected, even though its funding 
commitments were met. 

Case studies are typically chosen precisely 
because there is something unusual about 
them. The furore surrounding the UCB-N 
deal also makes it hard to generalize. Poten- 
tial abuse, for example, may have been kept 
in check while people were keeping a close 
watch on the collaboration, and interactions 
between scientists from both sides may have 
been affected for fear of fanning the flames. In 
other words, both the benefits and the costs of 
the agreement may have been muted by factors 
unique to the UCB-N agreement. 

Complaints would not necessarily have been 
resolved more satisfactorily if the university 
had handled them differently. Graduate stu- 
dents and postdocs felt left out of the process, 
but what should their level of involvement have 
been? The interests of both groups are short 
term compared with those of the faculty. The 
outcome may have been adversely affected if 
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too many parties were involved, as negotiations 
could have become unwieldy and agreement 
less likely. 

Collaborations between university and 
industry can bring large benefits: more 
resources to university faculty and students, 
faster dissemination of research results, new 
products on the market, and fresh insight from 
interactions that might not otherwise have 
happened. But such collaborations can be 
difficult to manage because universities and 


industries have different objectives. 

In short, Universities in the Age of Corporate 
Science is a compelling and detailed descrip- 
tion of the events surrounding the UCB-N 
deal. It should be enjoyed by all those who 
follow the evolution of university-industry 
relations, offering as it does a unique look at 
how the collaboration was made. 

Scott Wallsten is a senior fellow at the Progress 
& Freedom Foundation, 1444 Eye Street, NW, 
Washington DC 20005, USA. 


Builders with little brains 


by James L. Gould & Carol Grant Gould 
Basic Books: 2007. 316 pp. $26.95 


Running, climbing, diving and surviving in 
extreme environments are just some of the 
physical skills in which animals excel com- 
pared with humans. But we are confident 
that our bigger brains make us better at tasks 
demanding intelligence. Take building, for 
example — we can build cars, houses and cas- 
tles. But to what extent is intelligence actually 
needed to be a good architect and builder, and 
are humans really unique in this respect? 

These questions are raised by James Gould, 
professor of ecology and evolutionary biology 
at Princeton University, and science writer 
Carol Gould in their book Animal Architects. 
They point out that tiny termites can build 
a tower 6 metres high. Taking relative body 
length into account, this would be equiva- 
lent to about a height of about 4 kilometres 
for a human, making the Eiffel Tower and the 
Empire State Building seem very small indeed. 
Even in absolute size, coral reefs — the largest 
structures built by animals and the only signs 
of life on our planet that are visible from space 
— are beyond the scope of human creations. 

In this book, the authors show how spiders 
build webs with silk to catch their prey; how a 
silkworm weaves its cocoon around itself; how 
honeybees use wax to build precise hexagonal 
combs for their young and for honey; how 
paper wasps masticate materials from twigs 
with water to make damp cellulose for their 
combs; and how insects get air-conditioning 
for their homes. Birds are also sophisticated 
builders of nests. But building skills are gener- 
ally less developed in mammals, as the safety 
of the womb renders additional prenatal pro- 
tection redundant — although there are some 
notable exceptions, such as the beaver. 

Does building call for great cognitive abil- 
ity? Not necessarily, say the authors, who use 
knowledge from ethology about sign stimuli, 
motor programmes and motivation to explain 
how impressive constructions can be built 
from many small steps. This explanation seems 
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plausible — after all, Ican cook a complex meal 
by following a detailed recipe, and I may even 
be able to build a small cabin. 

The question of intelligence is integrated 
into the whole of the book, which is a notable 
achievement. The authors even offer a pro- 
vocative analysis of one of our own skills that 
we consider to be very advanced — language 
learning — and show that it is based on a sim- 
ple chain of built-in recognition systems for 
sign stimuli and on innate motor programmes. 
Such innate behaviours do not preclude the 
existence of higher cognitive processes, how- 
ever: indeed, these allow us to perform largely 
on ‘autopilot’ while focusing on whatever 
cognitively challenging task arises. 

We also believe we have a unique aesthetic 
sense, yet some animals, such as bower birds, 
build small huts decorated with colourful 
objects. The bower’s only purpose is to help 
attract a mate. Bower birds are considered to 


be intelligent, suggesting that recursive cycles 
of selection for a single set of cognitive build- 
ing abilities and aesthetic refinements are part 
of the same sort of positive-feedback loop that 
may have led to the evolution of the human 
mind. Well, parrots and crows are smart too, 
but most parrots do not build nests, and crows 
make only simple nests from sticks (albeit with 
a lining). The evolution of bigger brains may 
have more to do with sociality and the neces- 
sary communication skills. Humans have no 
impressive evolutionary past as builders and 
originally lived in simple caves. But we used 
tools for hunting and fighting, and the authors 
may be correct in saying that such skills con- 
tributed to brain evolution. 

The illustrations in this highly readable book 
are in black and white, which does not do full 
justice to the animal architects’ remarkable 
achievements. Each of the ten chapters has a 
separate list of literature for further reading, 
but as references are not included in the text 
it is hard to figure out what is new and which 
contributions are the authors’ own. 

Animal constructions are fascinating, and 
the authors provide some useful insights into 
them. They show how the creation of complex 
constructions depends on evolutionary his- 
tory and the investment of time and energy. 
Although the builders may not be particularly 
intelligent, their buildings serve their purpose 
well and confer fitness benefits on the archi- 
tects. Could it be that our own building activity 
is driven not only by the need to shelter from 
the storm, but also by the desire for power and 
mate attraction? 

Tore Slagsvold is in the Department of Biology, 
University of Oslo, Blindern, N-O316 Oslo, Norway. 


Attractive design: male bower birds build nests adorned with colourful items in a bid to lure a mate. 
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The birth of science 


The Emergence of a Scientific Culture: 
Science and the Shaping of Modernity 
1210-1685 

by Stephen Gaukroger 

Oxford University Press: 2006. 576 pp. 
£35, $65 


Peter Dear 

Why do we look to science to guide our lives 
in the modern world? That most of us do so 
is manifest from an examination of the cul- 
tural and political history of the past century. 
This point is made very early on by Stephen 
Gaukroger in his new book The Emergence of 
a Scientific Culture, when he quotes Jawahar- 
lal Nehru. But what does it mean, and how, 
historically, did it come to be the case? Not 
surprisingly, Gaukroger’s attempts to resolve 
such a grand issue are, literally, weighty, as this 
volume constitutes the first of a projected five. 
It is not an easy question to answer. 

By starting the story in thirteenth-century 
Latin Europe, Gaukroger presents a world in 
which theology, not ‘natural philosophy, was 
regarded as the ‘queen of the sciences. He then 
traces how this gradually ceased to be the case, 
and natural philosophy, albeit of a new kind, 
displaced theology as the touchstone of cogni- 
tive propriety. By the end of the seventeenth 
century, many people were arguing that the 
standards and procedures of natural philoso- 
phy were appropriate models for all kinds of 
cognitive enquiry, including those involving 
theology and religion. 

Gaukroger's big claim is that, although tech- 
nical scientific endeavours and achievements 
have cropped up in various world cultures at 
different times, it was only in the European 
culture that formed in the seventeenth cen- 
tury that these advances became a continuous 
tradition. What made Europe different is that a 
new form of philosophical enquiry into nature 
took the lead in determining what were still 
the culturally dominant questions in Europe, 
namely those concerning religion. Far from 
separating itself from religion, European sci- 
ence at the time became the principal tool for 
underpinning it: understanding nature was 
the path towards knowledge of God. And hav- 
ing attained this status by the 1680s, argues 
Gaukroger, science hasn't looked back since. 

There are many complexities in the book’s 
overall narrative. One is the relationship 
between modern science, which as a coherent, 
institutionalized endeavour is usually seen by 
historians (including Gaukroger) as having 
emerged in the nineteenth century, and the 
earlier field of natural philosophy. Natural 
philosophy since the thirteenth century had 
been centred on the works of Aristotle, and was 
defined as a contemplative intellectual pursuit 
aimed at providing causal accounts of natural 
phenomena. It explicitly eschewed practical 
ends, seeking only cognitive understanding. 


Galileo was central to the rise of a mathematical ‘natural philosophy’. 


of matter (atomistic or 
corpuscularian). 
Figures such as Fran- 
cis Bacon in the early 
seventeenth century 
further reconstructed 
the mission of natural 
philosophy by rejecting 
its aristotelian restric- 
tion to contemplative 
knowledge. They argued 
instead, in explicitly 
religious terms, that its 
proper role was precisely 
to produce control over 
nature for the practi- 
cal benefit of mankind. 
Indeed, Gaukroger here 
makes a powerful case 
that this development 
formed part of a larger 
reconstruction of natural 


The great changes of the seventeenth century 
that Gaukroger details involved a rejection of 
many features of aristotelian natural philoso- 
phy. In its place appeared a kind of natural 
philosophy that incorporated practical math- 
ematical sciences (such as astronomy, mechan- 
ics and optics) and forms of ‘mechanism that 
offered explanations of macroscale phe- 
nomena in terms of the underlying structure 


SCIENCE BOOKS AWARD 


Judging for the Royal Society Prizes for Science 
Books is well under way. The longlist of books 
for the general prize includes a wider mix of 
popular science books than in previous years, 
with Giant Leaps by journalist John Perry of UK 
newspaper The Sun and Jack Challoner vying 
with Nobel laureate Eric Kandel's memoir 
In Search of Memory. The mysteries of the 
mind are also explored by Cordelia Fine in 
A Mind of its Own and Daniel Gilbert in 
Stumbling on Happiness. Adam Wishart's 
One in Three is a personal exploration of the 
biology and treatment of cancer. Current issues 
are represented by Robert Henson's The Rough 
Guide to Climate Change and TV tie-ins by 
The Science of Doctor Who by Paul Parsons. 
Established writers Matt Ridley (who wrote 
Francis Crick), Paul Davies (The Goldilocks 
Enigma) and Chris Stringer (Homo Britannicus) 
appear alongside newcomer Henry Nicholls 
(Lonesome George). Rock guitarist Brian May 
joined experienced astronomers Patrick Moore 
and Chris Lintott to write Bang! 

This list will be whittled down to a shortlist 
of six, and the winners of both the general 
and the junior prizes will be announced on 
15 May 2007. 
www.royalsoc.ac.uk/sciencebooks 
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philosophy that related 
it more closely to moral philosophy. Other 
ancient Greek philosophers, he argues, had 
understood their task as one of determining 
how best to live in the world, with ideas about 
nature being subservient to that end. 

In rejecting Aristotle, seventeenth-century 
natural philosophers revitalized that old ideal, 
and in doing so adopted a new persona, placing 
a premium on objectivity and trustworthiness 
that outshone dogmatic claims to knowledge 
of truth. The experimental philosophy of 
Robert Boyle and Isaac Newton, for example, 
set itself up as a model of disciplined enquiry 
to be emulated by the rest of society, rather as 
experimental philosophy owed much to legal 
practices. Whether the natural philosophers of 
the seventeenth century, with their great vari- 
ety of commitments and approaches, should 
therefore be seen as scientists avant la lettre is a 
question that Gaukroger in effect defers. 

Despite its sweeping chronological scope, 
Gaukroger’s book focuses largely on prominent 
figures of the seventeenth century, including 
Johannes Kepler, Bacon, Galileo and René 
Descartes. Gaukroger provides an insightful 
analysis of their natural-philosophical ideas 
and arguments, paying special attention to the 
epistemological conceptions that each repre- 
sented and developed. 

The book's title uses the term ‘scientific 
culture’, but its content also reminds us of its 
author’s accomplishments as a historian of 
philosophy. Why the changes that Gaukroger 
describes should have occurred in seventeenth- 
century Europe remains largely unanswered, 
but this book contributes to the formula- 
tion and solution of that possibly intractable 
question, and promises even more in future 
volumes. a 
Peter Dear is in the Department of History, 
Cornell University, Ithaca, New York 14853, USA. 
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Capturing human behaviour 


Understanding the dynamics of infectious-disease transmission demands a holistic approach, 
yet today’s models largely ignore how epidemics change individual behaviour. 


Neil Ferguson 


We live in an ever more connected, mobile 
and interdependent world, where small 
perturbations can have unpredictable and 
sometimes far-reaching effects. The para- 
dox is that we increasingly demand pre- 
dictability. From climate to car design, we 
expect the future to be anticipated, risks 
assessed and solutions to be rational. We 
have to be ‘on top’ of everything — includ- 
ing threats from infectious diseases. 

In response to this trend, policy-makers 
increasingly turn to epidemic models as a 
tool in tackling potentially catastrophic 
outbreaks, from Britain’s foot-and-mouth 
epidemic of 2001 and SARS in 2003 to the 
pandemic threat now posed by the H5N1 
strain of avian flu. Better data, significantly 
boosted computer power and theoretical 
advances — particularly from the social 
sciences — have endowed models with a 
new realism. Yet fundamental limitations 
remain in how well they capture a key 
social parameter: human behaviour. 

The subtlety in epidemic modelling lies 
in how the processes of human contact that 
underlie transmission and the biology of 
the host-pathogen interaction are repre- 
sented. It is in this area that social science 
has had the greatest impact. Past models 
represented societies as ‘compartments’ of 
identical individuals all mixing randomly; 
the new paradigm is social networks char- 
acterized by either casual or intimate con- 
tact — the former being more relevant for 
respiratory diseases, the latter for sexually 
transmitted infections. 

This is an improvement, but a limited 
one. The problem lies in the highly sim- 
plified way the description of disease and 
transmission is layered onto the social 
network, which gives a picture that is both 
biologically and socially flawed. Most glar- 
ingly, the effects of behavioural responses 
to epidemics are given short shrift. The 
social networks in most models are usu- 
ally static, allowing scant interaction 
between the epidemic and individual or 
group behaviour, bar sick people staying 
at home — and not all models include that. 
For mild infections this level of sophistica- 
tion may be justified, as we rarely funda- 
mentally change our behaviour because of 
acold; but increasingly, the evidence shows 
that faced with lethal or novel pathogens, 
people will change their behaviour to try 
to reduce their risk. 

Organized measures such as quarantine, 
contact tracing or closure of public places 


are one way that behaviour can change, 
but people may also spontaneously modify 
their behaviour to reduce perceived risk. 
Public-health measures are often exam- 
ined prospectively in models (although 
many retrospective studies of outbreaks 
only crudely capture the complexity of con- 
trols implemented on the ground). But 
individual responses have been largely 
ignored, despite growing evidence of 
their importance — from the gay 
community's reaction to HIV in the 
early 1980s, to the dramatic reduc- 
tion in travel and social contact 
seen in Hong Kong and Singa- 
pore during the 2003 
SARS epidemic. 
Even absenteeism 
resulting from ill- 
ness or caring for 
sick dependants 
can significantly 
affect close-con- 
tact networks, by 

removing people 

from workplaces. 

By modifying the contact network, 
behavioural changes during an epidemic 
can give dynamics very different from the 
kind predicted by simple models. Most 
basic models assume that all parameters are 
static, but in fact people's responses often 
shift as an epidemic progresses. Individu- 
als are most likely to change their contact 
patterns when mortality or the perception 
of risk is high, and resume normal life as 
the perceived risk declines. A case in point 
is the recent resurgence of risky behaviours 
in some gay communities following the 
widespread availability of combination anti- 
viral therapy for HIV; another, the ongoing 
studies of how public-health measures and 
individual risk-reduction behaviour shaped 
the very different epidemic patterns seen 
in various US cities during the Spanish flu 
pandemic of 1918-19. 

The challenge for mathematical model- 
lers is that data are scarce, and often quali- 
tative when they do emerge. An example 
from the UK foot-and-mouth disease epi- 
demic is anecdotal evidence of more people 
failing to comply with biosecurity restric- 
tions around farms once the epidemic was 
in decline, which may have contributed to 
that outbreak’s long tail. 

Bridging this data gap, and developing 
succinct yet realistic descriptions of epidem- 
ics’ impact on social-network dynamics, 
will prove key to making models of lethal 
epidemics more accurate. Three avenues 
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of research need to be pursued. The first 
is controlled epidemiological interven- 
tion studies to determine how modifying 
contact networks affects disease transmis- 
sion. Another will be the integrated colla- 
tion and analysis of epidemiological and, 
preferably, quantitative social data from 
historical epidemics. 
Finally, protocols and 
data-collection systems 
should be designed to 
track the number 
of people infected 
per day in a future 
lethal outbreak as 
well as the behavioural 
response of the affected 
population. 
The time for this work 
is now: global communi- 
cations mean that a novel 
lethal disease outbreak 
could trigger potentially 
drastic social and eco- 
nomic consequences across 
the world within days. 

From a public-health perspective, the 
goal is improving our ability to predict 
and control epidemics — but that may 
first require new sociological models that 
are both predictive and quantitative. So the 
interdisciplinary approach remains vital, 
this time at the interface of epidemiology, 
sociology and the history of medicine. 

Beyond public health, what is there in 
this enterprise to motivate sociologists, 
anthropologists or historians? Under- 
standing behavioural responses to lethal 
infectious diseases may help epidemic 
modelling now, but over time it could 
reshape our understanding of the interac- 
tion between disease and society as one of 
coevolution. Historically, certain diseases 
have exploited social upheavals such as 
urbanization, and behavioural responses to 
disease risk — such as the hand-use bias in 
Indian dining habits — have become part 
of the cultural fabric. But we have barely 
begun to unravel the larger question of 
how disease has shaped behavioural norms 
and, through those, society as a whole. The 
answers may be surprising. a 
Neil Ferguson is at the MRC Centre for 
Outbreak Analysis and Modelling, St 
Mary's Campus, Imperial College London, 
London W2 1PG, UK. 
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Division of labour 


Gerhard Christofori 


Some genes are involved in the development of a new tumour; others specifically promote the dissemination 
of its cancerous cells to other organs. A set of four genes seems to be required for both processes. 


Most deaths from cancer are due to metastasis, 
or the spread of cancer cells. The discovery 
of gene sets, or ‘signatures, whose expression 
is associated with general and organ-specific 
metastasis has prompted the first screening 
programmes in the clinic’”. Together with the 
identification of a growing number of genes 
involved in several steps of the metastatic pro- 
cess’, the search for molecular targets that are 
amenable to therapy is a major focus of can- 
cer research. On page 765 of this issue, Gupta 
et al.* report that four of the lung metastasis 
signature genes mediate a “multifunctional 
vascular remodelling programme’. 

Researchers from the same laboratory had 
previously generated variants of the breast 
cancer cell line MDA-MB-231 that exhibit 
organ-specific metastasis to either bones or 
the lungs”’. They identified bone- and lung- 
specific signatures of metastasis through 
analysis of gene-expression profiles, and 
confirmed the role of some of these genes 
in organ-specific metastasis. Gupta et al.* 
have now carried out experiments involving 
genetic and pharmacological manipulation 
of the function of these genes in tumour cells. 
They report that four of the genes promote not 
only the growth of primary tumours but also 
the entry of cancer cells into the vasculature 
(intravasation), their colonization of the lung, 
permeation through blood vessels (extravasa- 
tion) and metastatic outgrowth. 

The products of these four genes — epiregu- 
lin, two metalloproteinases and cyclooxygen- 
ase-2 (COX-2) — are well known to cancer 
researchers. Epiregulin is a ligand for the epi- 
dermal growth factor receptor (EGFR) and 
is essential for the growth, survival and pro- 
gression of several types of cancer. The matrix 
metalloproteinases (MMP-1 and MMP-2) 
participate in the formation of new blood ves- 
sels to supply tumours (angiogenesis), as well 
as in tumour-cell migration and invasion. The 
COX-2 enzyme mediates wound healing and 
inflammatory responses, and has previously 
been implicated in promoting metastasis*. 

Gupta and colleagues* found that when 
any of these genes is inactivated by genetic 
manipulation in breast cancer cells that are 
metastasizing to the lung, there is only a 
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Figure 1 | Roles of different genes in cancer. Gupta et al.’ identify genes that are required for the 
growth of primary tumours, for intravasation and extravasation of tumour cells to the specific 
metastatic target organ (as exemplified here by the lung) and for metastatic outgrowth. These genes 
are required for the growth of the primary tumour and the many stages of metastasis, and can be 
classified as ‘tumour-progression genes. By contrast, ‘metastasis genes’ contribute exclusively to 


metastatic outgrowth. 


moderate inhibition of primary-tumour growth 
and lung metastasis. But when combinations of 
these genes are inactivated, additive or synergis- 
tic effects are apparent, with an almost complete 
abrogation of both primary-tumour growth 
and lung metastasis when all four genes are 
inactive. Although proliferation is unaffected 
in tumour cells in which all four genes are inac- 
tivated, apoptosis — programmed cell death 
— is increased. Moreover, the blood vessels 
of such tumours have smaller lumens and are 
less permeable, factors that are probably 
responsible for the increased apoptosis and the 
failure of the tumour cells to enter the blood- 
stream and extravasate in the lung. Indeed, 
tumour cells with all four genes inactivated are 
trapped within capillaries of the lung, whereas 
their normal counterparts nested outside 
the vessels in the parenchymal tissue of the 
lung to growasa ‘micro-metastasis. The authors" 
confirmed the inability of genetically manipu- 
lated tumour cells to permeate the endothelial 
barrier — the cell layer covering the luminal 
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side of blood vessels — in a migration assay. 

These data‘ indicate that epiregulin, COX-2 
and MMP- 1/2 act synergistically to remodel 
the vasculature in primary tumours by forming 
a tortuous and highly permeable network of 
blood vessels. Such a network is often observed 
in aggressive tumours. These proteins seem to 
have a crucial role in both the intravasation 
of tumour cells and the breaching of the endo- 
thelial barrier in the metastatic organ to allow 
their extravasation. By contrast, combinatorial 
ablation of signature genes that exclusively 
affect lung metastasis, such as IL13Ra2, SPARC 
and VCAM1 (ref. 6), did not affect primary- 
tumour growth’, Thus, there seems to be a divi- 
sion of labour between different gene categories 
— metastasis genes are exclusively involved in 
metastasis, and not in primary-tumour out- 
growth, whereas tumour-progression genes 
function in both (Fig. 1). 

Gupta et al.* also used pharmacological 
agents to specifically inhibit the products of the 
four genes. Cetixumab, a neutralizing antibody 
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against EGER, and celecoxib, a specific inhibi- 
tor of COX-2, are in clinical use, and GM6001 
— a broadband MMP inhibitor — has been 
tested in preclinical trials. Combinatorial 
treatment of mice transplanted with the lung- 
metastatic variant of the MDA-MB-231 cell 
line recapitulated the results of the genetic 
ablation studies. The authors observed effi- 
cient repression of primary-tumour growth, 
as well as tumour-cell intravasation, extrava- 
sation and lung metastasis. This treatment also 
inhibited lung metastasis in mice intravenously 
injected with primary breast cancer cells and 
their derivatives, the latter of which express 
high levels of epiregulin, COX-2 and MMP-1. 
Cessation of treatment resulted in the release of 
tumour cells trapped within the lung capillaries 
into the lung parenchymal tissue. 

These studies demonstrate the functional 
dissection of the metastatic process and iden- 
tify specific genes involved in its many stages. 
The genetic and pharmacological manipulation 
generated the same outcome, indicating that 
pharmacological treatment affects the activities 
of the four metastasis-progression genes only 
in tumour cells and not — as has been assumed 
— in cells of the tumour microenvironment, 
such as COX-2 in endothelial cells or MMP-1/2 
in tumour-infiltrating inflammatory cells. 

The findings of Gupta et al. also have bear- 
ings on a question that has intrigued cancer 
researchers for many years. Are the events that 
modify genes — either directly (genetic) or 
indirectly (epigenetic) — and that are required 
for metastasis, already predetermined in pri- 
mary-tumour cells or do certain cancer cells 
gain metastatic ability in a ‘micro-evolution- 
ary’ selection process’? The authors argue 
that some genetic and epigenetic events affect 
genes that are already present in the primary 
tumour and are required for metastatic out- 
growth (tumour-progression genes), whereas 
other such events affect genes that are required 
only for the metastatic process (metastasis 
genes; Fig. 1). How and whether these genes are 
co-selected by function remain unclear. 

Further studies are now warranted into 
the molecular mechanisms that underlie the 
remodelling of tumour vasculature and its con- 
sequences. Which other cell types and factors 
are involved in the remodelling process? How 
is organ specificity determined? What are the 
chemoattractants and adhesion molecules that 
target the cancer cells to the lung? It has been 
reported that bone-marrow-derived progenitor 
cells are recruited to the lung to set up a meta- 
static ‘niche for disseminating cancer cells’. In 
addition to their role in vascular remodelling, 
are these cells involved in the organ-specific 
metastasis observed here? Is the combined 
activity of epiregulin, COX-2 and MMP-1/2 
in the extravasation process specific to lung 
metastasis, or does it also occur in other target 
organs? Answers to these questions will also 
add long-sought molecular details to Paget’s 
‘seed and soil’ hypothesis’, which states that 
disseminating tumour cells (seed) need to find 
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the appropriate microenvironment in distant 
organs (soil) for metastatic outgrowth. 

Other questions concern the implications 
of Gupta and colleagues’ study* for cancer 
therapy. Are the four genes investigated here 
critical players in all subtypes of breast cancer, 
and possibly in other types of cancer as well? 
Can the combinatorial treatment, which has 
proved so successful in the preclinical setting 
reported by these authors, be further developed 
for clinical application? 

Finally, on a technical note, the work of 
Gupta et al. marks a technological milestone. 
The ability to generate stable cell lines that 
carry four genes with suppressed expression 
at the same time, and the simultaneous forced 
expression of three of these four genes to test 
for specificity of gene ablation, would be an 
impressive experimental feat. When used more 


widely, it will be instrumental in elucidating 
the combined function of genes during cancer 
development. a 
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SOLID-STATE CHEMISTRY 


Crystal tennis rackets 


J. Michael McBride 


The idea of bendy crystals, especially ones that move rapidly and reversibly 
in response to light, seems strange. Such materials have now been prepared 
— but how do they change shape so dramatically without cracking? 


Most chemical reactions are accompanied by 
a change of molecular shape. Impressively, 
evolution has harnessed this effect to gener- 
ate mechanical power for biological ‘devices, 
for example, in muscles, where the bending 
of myosin upon release of adenosine diphos- 
phate is used to drive one fibre past another’. 
In stark contrast, science has produced very 
few artificial analogues. In most cases, chemi- 
cal transformations contribute to man-made 
mechanical devices only at the crudest level, 
by supplying a source of heat, or electrical 
energy, or indiscriminant swelling. Current 
work on nanodevices is changing this situa- 
tion at the molecular level’, but problems in 
linking such devices together to achieve larger- 
scale motion have inhibited progress. On 
page 778 of this issue, Irie and colleagues’ 
describe a breakthrough in this area — a light- 
induced chemical transformation that bends 
crystals without shattering them. 

So how does one go about exploiting molec- 
ular shape-changing to generate movement at 
the bulk level? For practical applications, the 
chemical transformation should be reversible 
— both chemically and mechanically — and 
the interconverting molecular states should 
generally be stable. Numerous reversible, 
light-induced reactions might fit the bill, pos- 
sibly providing the basis for actuator devices 
that convert light into motion. For example, 
molecules can be constructed that have rigid 
double bonds at their centres. But when these 
compounds are irradiated with ultraviolet or 
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visible light, rotation about the double bond 
becomes possible, and the molecules can 
change shape. Similarly, certain chains of six 
carbon atoms can form a ring upon irradia- 
tion, so as to flatten a previously bulky mol- 
ecule. This process can sometimes be reversed 
by changing the wavelength of the irradiating 
light, and it is this sort of system that is used by 
Irie and colleagues’. 

But for practical purposes, there is another 
requirement: the molecules concerned must 
be ordered and coupled so that millions or 
billions of them cooperate to achieve large- 
scale mechanical motion. This constitutes a 
greater challenge, especially when reversibil- 
ity is important. A crystalline sample provides 
excellent order, but if the coupling between 
neighbouring molecules is too inflexible then 
the crystal will crack irreversibly as individual 
molecules change shape. An amorphous sam- 
ple is less prone to cracking, but the reduced 
order makes it more difficult to optimize the 
arrangement of molecules so that their shape 
changes are macroscopically cooperative. 
Nevertheless, several tricks have been identi- 
fied that impose suitable molecular orientation 
in amorphous films and liquid-crystalline films 
to achieve slow macroscopic bending or con- 
traction upon illumination‘. 

So, a long-cherished aim of solid-state 
organic chemistry remains: to discover new 
single-crystal to single-crystal transforma- 
tions, with a smooth transition between the 
crystal lattices of the starting material and 
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Figure 1 | Light-driven crystal movement. Irie 
and colleagues® have prepared crystals that bend 
rapidly in response to light. This series of images 
from the authors’ supplemental movie shows 
how a single crystal fibre, when illuminated by a 
pulsed laser, bends within 1 millisecond to launch 
a 50-um gold ball towards the light source. 


the product. For this to happen, the product 
molecules must form randomly throughout 
the starting material, rather than establishing 
larger ‘islands’ of a separate crystal phase that 
would greatly disrupt the original bulk lattice. 
Such phase separation makes cracking all but 
inevitable, because just a 1% change in lattice 
spacing, caused by product formation, would 
force neighbouring lattices within a distance of 
50 molecules to fall completely out of register. 

There is a handful of special cases in which 
the shape change that occurs upon reaction 
is subtle enough to allow individual product 
molecules to fit into the original lattice. In 
such compounds, product molecules can be 
generated at random throughout the starting 
material by using wavelengths of irradiating 
light that penetrate the entire crystal’, rather 
than using wavelengths that would be strongly 
absorbed in only a thin surface layer of the 
compound. The integrity of these crystals is 
sufficiently preserved to allow the arrangement 


of atoms in the starting material and the prod- 
uct to be determined by X-rays throughout 
the course of the transformation. With such 
crystals it has even been possible to perform 
several write-erase cycles of optical holograms, 
involving patterned regions with a higher 
concentration of product molecules and thus 
a different refractive index®. 

Irie and co-workers’ now report rapid, light- 
induced shape-changing of tiny single crystals. 
Some of these resemble the rare cases described 
above — single crystals that change shape but 
remain intact, even when containing as much 
as 70% product. But the most impressive exam- 
ples appear quite different. The authors grew 
crystal needles (about 200 um long and 5 pm in 
diameter) by sublimation so as to be attached 
at one end to a microscope slide. When illu- 
minated from the side by an ultraviolet laser 
pulse, the needles bent within a millisecond, 
displacing the free end by 50 um. As a dramatic 
demonstration of this effect, the needles can 
launch a tiny gold sphere as if it were a tennis 
ball (Fig. 1; see also the movie in the Supple- 
mentary Information for the paper). 

The reversibility of this movement is particu- 
larly noteworthy — the needles can undergo 
80 cycles of photochemical bending and 
straightening with no apparent damage to the 
crystal integrity, nor any diminution in dis- 
placement amplitude. 

To achieve this bending movement, the con- 
version of starting material to product must 
occur to different degrees across the needle’s 
width, so that the crystal deforms in the same 
way asa heated bimetallic strip. As mentioned 
previously, such localization of conversion 
along one surface was specifically avoided in 
previous work, to avoid cracking. 

It remains to be explained how organic crys- 
tals can survive intact through so many cycles 
of deformation. In particular, it is difficult 
to work out which molecular features of this 
system provide sufficient cohesion between 
crystal layers to allow bending upon differ- 
ential reaction, but enough flexibility to avoid 
cracking. An improved understanding of this 
unexpected resilience is required, along witha 
method to assemble microscale components, 
if we are ever to make a useful chemico- 
mechanical device from such materials. But 
simply demonstrating this behaviour suggests a 
possibility that previously seemed remote. ™ 
J. Michael McBride is in the Department 
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50 YEARS AGO 

“A ceesium clock” — Inthe 

issue of Atoms for Peace Digest 
for February 23, the fortnightly 
periodical of the United States 
Information Service, brief details 
are given of the ‘Atomichron’, the 
first caesium atom-beam clock 
to be available commercially in 
the United States, and probably 
in the world... The model costs 
50,000 dollars, weighs 500 Ib. and 
measures 84 in. x 22 in. x 18 in. 
It is capable of keeping time 

to an accuracy of five seconds 
over a period of 300 years... 

The Atomichron has already 
been used by the U.S. Armed 
Forces in navigation systems. 

It should find application 

in the improvement of 
astronomical observations, 
long-range navigation, radio 
communications, surveying and 
map-making, and in the study 

of basic physics, particularly the 
accurate determination of the 
velocity of light. 

From Nature 6 April 1957. 


100 YEARS AGO 

The following account of a toad 
attacking a golden carp may be of 
interest to some of your readers 
from its bearing on the ancient 
belief that frogs and toads are at 
enmity with carp, and kill them 
by destroying their eyes... On 
March 29 my son directed my 
attention to a large golden carp 
(C. auratus) lying in shallow 
water near the edge of a pond 

in my garden with a frog or toad 
apparently resting on its head. 
The fish appeared to be very 
sluggish... On examination it was 
found that the head of the fish 
was held tightly by a medium- 
sized common toad (Bufo 
vulgaris), which had obtained a 
very firm grasp by inserting its 
fore-limbs as far as the second, 
or elbow, joint into the sockets 
of the eyes of the unfortunate 
fish... A few years ago in the 
same pond... | found a toad 
embracing a water-logged 
puffball so firmly that it required 
considerable force to release 
the fungus from the amphibian's 
grasp. 

From Nature 4 April 1907. 
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GENOMICS 


Global views of leukaemia 


Todd R. Golub 


Genomic characterization of a type of leukaemia has resulted in the 
identification of common genetic abnormalities that underlie the disease. 
The results constitute an advance on several fronts. 


It is now widely acknowledged that cancer is a 
genetic disease, caused largely by the acquisi- 
tion of mutations in somatic (non-germline) 
cells after birth — or in some cases during 
fetal development. A systematic search for 
these mutations was previously impossible, 
but progress in genomics technology holds the 
promise of making the complete characteriza- 
tion of the ‘cancer genome’ feasible. 

An important advance has been the devel- 
opment of high-density DNA microarrays for 
detecting regions of genomic amplification or 
deletion. In principle, the application of these 
arrays might allow for both a global view of 
recurring abnormalities in genomic copy 
number, and a sufficiently precise mapping 
of those abnormalities to allow the gene(s) 
affected to be identified. On page 758 of this 
issue, Mullighan and colleagues’ transform 
this concept into practice with their discov- 
ery of frequent deletions and loss-of-function 
mutations in the PAX5 gene in childhood 
acute lymphoblastic leukaemia (ALL). This 
disease results from a defect in the differen- 
tiation of blood cells: an overproduction of 
immature B lymphocytes that overtakes the 
normal development of blood cells in the 
bone marrow. 

By studying 192 ALL samples using DNA 
microarrays containing probes for about 
350,000 genetic loci, the authors were able to 
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Crystal-clear ideas 


rapidly identify deletions of the short arm of 
chromosome 9 in 57 patients (30%). Because 
of the high density of probes on these arrays, it 
was possible to narrow down the target of the 
deletion to a single gene, PAX5, which encodes 
a transcription factor. Some cases showed tiny 
deletions affecting only those regions of the 
gene that code for a particular part of the PAX5 
protein, the ‘transactivation domain. 

Most cases with a PAX5 deletion lacked 
mutations in the remaining copy (allele) of 
the PAX5 gene. This is strong evidence for 
‘haploinsufficiency; the situation in which 
the single functional allele cannot produce 
enough of the protein product. The authors 
hypothesized that some of the ALL cases 
might suffer from PAXS loss of function by 
another mechanism, namely point muta- 
tion — the mutation of a single base. Indeed, 
they discovered PAX5 point mutations in an 
additional 14 patients — all but one of the 
mutations occurred in only one of the two 
alleles, which again supports the notion of 
haploinsufficiency. The results with PAX5 
add to a growing number of examples of 
haploinsufficiency involving transcription 
factors’. 

Another striking finding’ was the fre- 
quent co-occurrence of PAX5 loss of func- 
tion with particular molecular abnormalities 
— for example, a chromosomal translocation 


undersaturated in anhydrite 
(which would have originated from 
hydrothermal processes during 


resulting in the fusion of two genes, ETV6 
and RUNX1 (ref. 3). This is detectable at the 
time of birth in blood taken from the umbili- 
cal cord of infants who go on to develop ALL 
years later, suggesting that additional genetic 
hits are required to produce the consequences 
of ETV6/RUNX1 fusion*. Consistent with this 
observation, mice genetically engineered to 
harbour only the ETV6/RUNX1 defect do not 
suffer from the hallmarks of leukaemia’. So 
it seems that PAXS haploinsufficiency may 
represent a collaborating event in the develop- 
ment of ET V6/RUNX1 leukaemias. 

Mullighan and colleagues’ study has impli- 
cations for large-scale efforts that aim to 
characterize the cancer genome, including the 
Cancer Genome Atlas project sponsored by the 
US National Institutes of Health. Recent reports 
have led some to believe either that mutations 
in cancer genes are exceedingly rare, or that 
the molecular heterogeneity of cancer will 
lead to a mountain of genomic data that makes 
the problem hopelessly complex. But it is evi- 
dent that when high-density approaches are 
applied to large numbers of patient samples, 
clear patterns of recurrent molecular abnor- 
malities emerge. 

The study’ further shows that analyses of 
genomic copy number, which are relatively 
inexpensive, can be used to guide the selec- 
tion of genes for resequencing: until it becomes 
possible to affordably sequence cancer gen- 
omes in their entirety (or at least sequence all 
protein-coding regions), such prioritization 
will be necessary. It also highlights the recur- 
rent theme ofa connection between cancer and 
cellular differentiation. Apart from abnormali- 
ties in PAX5, Mullighan et al. found defects in 
other genes — EBE, IKZF1, IKZF3, LEF1, TCF3 
and BLNK (although with much less statistical 
support) — thought to be involved in regulat- 
ing lymphocyte differentiation. A systematic 


Caves stumbled upon deep 

in the workings of the Naica mine 
in Chihuahua, Mexico, are famed 
for the huge, elongated crystals 
of selenite that they contain. 

The most spectacular such 
discovery, the transparently 
named Cueva de los Cristales, 
came in 2000. 

The crystals found there — at 
300 metres’ depth, a temperature 
of just under 60 °C and 100% 
humidity — are up to 11 metres 
long (see picture). Juan Manuel 
Garcia-Ruiz and colleagues 
suggest the very specific 
conditions that were required 
for such huge crystals to form 


UJ. M. Garcia-Ruiz et al. Geology 
35, 327-330; 2007). 

Selenite is the colourless 
crystalline form of calcium sulphate 
dihydrate (CaSO,:2H,0), better 
known as gypsum. Gypsum’s 
solubility in water is highest 
at around 58 °C. Above that 
temperature, however, it is 
thermodynamically less stable 
than the anhydrous form of 
calcium sulphate, known simply as 
anhydrite. 

According to the authors’ ideas, 
then, the ambient conditions of 
the Cueva de los Cristales would 
have been ideal for maintaining 
low-salinity cave-water slightly 


the formation of the surrounding 
rock) and slightly supersaturated 
in gypsum over long periods. This 
tiny equilibrium imbalance would 
have encouraged the slow, sparse 
formation of very long gypsum 
crystals. 

The authors backed up their 
theory with various hydrochemical 
and geochemical analyses of 
samples from the cave. But they 
point out that the effulgent result of 
the unique natural circumstances 
that they describe might not be 
visible for future generations. The 
Naica mines today number among 
the most important for lead and 
silver in the world. Once their 
booty is exhausted, however, and 
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water-pumping of the workings 
stops, nature might reclaim the 
Cueva de los Cristales, reverting it 
to its erstwhile fully flooded state. 
Richard Webb 
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search for tumour-associated mutations in 
developmentally important genes would seem 
likely to bear fruit. 

One might question whether lessons 
learned from malignancies in blood-cell 
production will generalize to solid tumours. 
But there is little evidence, if any, that blood 
malignancies are in any way unique. For exam- 
ple, chromosomal translocations, which were 
initially thought to be a curiosity of acute 
leukaemias, are now known to be common 
in prostate cancer. Mutations that activate 
protein-kinase enzymes, and that frequently 
cause them to become oncoproteins, were 
again initially associated with leukaemia, 
but are now commonly recognized in solid 
tumours. And cancer stem cells, now detect- 
able in breast cancers, and in brain and other 
tumours, were at first seen as relevant only to 
leukaemia. Cancer pathogenesis seems to fol- 
low a largely common path, regardless of the 
type of cell in which it originates. 

Finally, we are left with an obvious chal- 
lenge: devising strategies for fixing the defects 
in cellular differentiation caused by recurrent 
loss-of-function mutations. Treatment with 
all-trans retinoic acid is an effective ‘differ- 
entiation therapy’ for acute promyelocytic 
leukaemia, although this has been generally 
regarded as relevant only to that subtype of 
leukaemia. But if defects in differentiation 
underlie many (or possibly all) cancers, a 
broader exploration of such treatments should 
perhaps be entertained. Whereas a clear path 
has been established for developing antican- 
cer drugs that inhibit the increased activity of 
oncoproteins such as kinases, approaches to 
restoring lost function in tumour-suppressor 
proteins are less obvious. And the pharmaco- 
logical modulation of transcription factors is 
in large measure uncharted territory. 

Innovative approaches to chemical screen- 
ing and drug discovery are likely to be needed. 
But the fact that PAX5 abnormalities in ALL 
seem to exist mainly in the haploinsufficient 
state may make the problem easier — finding 
small molecules that augment the expression 
or activity of the residual PAX5 allele is prob- 
ably feasible. 

In any event, we have a challenge that we 
should be pleased to tackle. Trying to develop 
better therapies for cancer without knowing 
the underlying genetic causes would be utterly 
impossible. a 
Todd R. Golub is at the Broad Institute of Harvard 
and the Massachusetts Institute of Technology; 
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BIOPHYSICS 


Quantum path to photosynthesis 


Roseanne J. Sension 


Knowing how plants and bacteria harvest light for photosynthesis so 
efficiently could provide a clean solution to mankind's energy requirements. 
The secret, it seems, may be the coherent application of quantum principles. 


The Sun bombards Earth with a steady stream 
of energy — about 10” joules per second, on 
average’. If we could convert this energy effi- 
ciently to a chemically useful form, our reli- 
ance on fossil fuels and nuclear power — and 
so our production of climate-change agents 
and hazardous waste materials — could be 
substantially reduced. But how can we achieve 
such efficiency? 

Of course, the photosynthesizing organisms 
on Earth already have the answer. In higher 
plants and certain bacterial systems, the ini- 
tial steps of natural photosynthesis harness 
light energy with an efficiency of 95% or more 
— values that we can only aspire to with arti- 
ficial photocells. Elsewhere in this issue, Engel 
et al.” (page 782) take a close look at how 
nature, in the form of the green sulphur bac- 
terium Chlorobium tepidum, manages to trans- 
fer and trap light’s energy so effectively. The 


key might be a clever quantum computation 
built into the photosynthetic algorithm. 
Photosynthesis is initiated by the excitation, 
through incident light, of electrons in pigment 
molecules — chromophores — such as chloro- 
phyll. This electronic excitation moves down- 
hill from energy level to energy level through 
the chromophores before being trapped ina 
reaction centre, where its remaining energy is 
used to initiate the production of energy-rich 
carbohydrates. In natural light-harvesting 
systems, chlorophyll pigments are arranged 
together in an ‘antenna, sometimes with 
elegant symmetry and sometimes with appar- 
ent randomness, but always with a precise 
structure that is supplied bya protein scaffold 
(Fig. 1). Many studies indicate’ * that this 
strictly defined structure, together with the 
close proximity of the chromophores, is 
essential for the strong absorption of light, fast 


Figure 1| Complex complexes. Three representative pigment protein complexes involved in natural 
photosynthesis. a, Photosystem II, found in oxygenic photosynthetic organisms’. b, Light-harvesting 
complex 2, found in purple bacteria’. c, The Fenna-Matthews-Olsen antenna complex”’, the 
bacteriochlorophyll complex investigated by Engel et al.’. Yellow, protein; white, chromophores. 
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downhill energy transfer and efficient trap- 
ping of the electron excitation in a reaction 
centre, all of which are characteristic of natural 
photosynthesis. 

But where does quantum mechanics, 
let alone quantum computing, fit in here? 
The mechanism of energy transfer through 
chromophore complexes has generally been 
assumed to involve incoherent hopping — that 
is, seemingly uncoordinated movement in a 
‘random walk with a general downhill direc- 
tion — either between individual chromo- 
phores, or between modestly delocalized 
energy states spanning several chromophores. 
The energy transfer is determined by quan- 
tum-mechanical states and their overlaps, to be 
sure, but there is nothing inherently ‘quantum’ 
or wave-like in the process itself. 

Engel et al.’, however, performed two- 
dimensional Fourier transform spectroscopy 
of the bacteriochlorophyll Fenna-Matthews- 
Olsen antenna complex, and discovered regular 
variations in the intensity of their signal. These 
‘quantum beats, which persist for hundreds of 
femtoseconds, are characteristic of coherent 


coupling between different electronic states. 
In other words, the electronic excitation that 
transfers the energy downhill does not sim- 
ply hop incoherently from state to state, but 
samples two or more states simultaneously. 
The data also suggest that the protein scaffold 
might itself be structured to dampen fluctua- 
tions that would induce decoherence of the 
electronic excitation. 

Coherent energy transfer allows the ‘wave- 
like’ sampling of the energy landscape to 
establish the easiest route for the electronic 
excitation to the reaction complex much faster 
than the semi-classical hopping mechanism 
allows — indeed, it does so almost instanta- 
neously. The process is analogous to Grover’s 
algorithm in quantum computing, which has 
been proved to provide the fastest possible 
search of an unsorted information database’. 

Although the data were acquired at low tem- 
perature (77 kelvin), the observation of elec- 
tronic coherences in such a complex system is 
remarkable. Assuming that the effect is general 
— that similar coherences occur in many dif- 
ferent natural light-harvesting systems, and 


are observed at non-cryogenic temperatures 
— we may find that nature, through its evolu- 
tionary algorithm, has settled on an inherently 
quantum-mechanical process for the critical 
mechanism of efficient light harvesting. This 
is an interesting lesson to be considered when 
designing artificial systems for this purpose. ™ 
Roseanne J. Sension is in the FOCUS Center 

and Department of Chemistry, University of 
Michigan, 930 North University Avenue, 

Ann Arbor, Michigan 48109-1055, USA. 

e-mail: rsension@umich.edu 
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Franck Duong 


A popular route for protein transport into and across cell membranes 
is through the Sec channel. This channel seems to function by forming a 
dimer of two identical units, where each has a distinct role. 


The transmembrane Sec channel, or Sec 
translocon, is a major protein-transport route 
across the endoplasmic reticulum of higher 
organisms and the cell membrane of bacteria. 
This essential machinery ensures the correct 
distribution of cellular proteins, and catalyses 
the translocation, and membrane integration, 
of hundreds of different proteins that carry a 
specific targeting signal called the signal 
sequence. To mediate transport, the Sec chan- 
nel associates with different partners in the 
cell’s internal fluid, or cytosol, that supply the 
driving force for translocation. For example, 
during protein translation, the ribosome — 
the factory for all protein production — feeds 
nascent polypeptide chains directly into this 
channel. In bacteria, the channel also asso- 
ciates with an enzyme called SecA (or SecA 
ATPase), which, following translation, ‘pushes’ 
the protein substrate into the channel. A report 
by Osborne and Rapoport’, published in Cell, 
provides a view of how SecA and the Sec 
channel work together. 

The fact that the Sec channel forms both 
a membrane conduit for polypeptides and 
a binding site for its translocation partners 
has been rationalized through structural 
analysis of its evolutionarily conserved core 


component — the heterotrimeric SecY-SecE- 
SecG complex, called SecY for short’. The 
atomic structure of the Sec channel revealed 
four domains: an hourglass-shaped, hydrophilic 
conduit located in the body of the SecY com- 
plex; a constricted ‘pore ring; which seals the 
conduit in the middle; a ‘plug’ domain that lies 
on top of the constricted region when the chan- 
nel is inactive; and a ‘lateral gate’ serving as both 
the binding site for the signal sequence and an 
escape route towards the lipid layer for trans- 
membrane protein domains (Fig. 1, overleaf). 
On the part of the complex facing the cytosol, 
at least two large loops that extend out of the 
plane of the membrane serve as a docking 
site for either SecA or ribosomes. Biochemical 
analyses using a translocation system recon- 
stituted in vitro have provided experimental 
support for some of the proposed functions of 
these structural domains”. 

From such structural information, one 
would predict that a single SecY copy would 
be enough to perform the transport task. But 
that possibility had already been ruled out 
by numerous observations of membrane- 
embedded and solubilized SecY complexes 
that naturally form oligomers containing 
two (dimer) or four (tetramer) copies of the 
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complex. Although there now seems to be a 
consensus that the bacterial Sec channel exists 
as a dimer, and that its mammalian counter- 
part is tetrameric when interacting with 
ribosomes”, the underlying reason for the oli- 
gomerization of SecY complexes had remained 
a puzzle. Experimentally, it is difficult to moni- 
tor the oligomeric state of membrane proteins 
and the function of their different states. But 
Osborne and Rapoport' have now provided 
substantial insights into this problem. 

By cross-linking the polypeptide substrate 
to cysteine amino-acid residues strategically 
engineered and positioned in the complex, 
the authors first demonstrated that the lateral 
gate and the plug domain of only one SecY 
complex simultaneously make contact with 
the translocating polypeptide chain and its 
signal sequence. This confirms the structural 
prediction that a single SecY copy in the SecY 
translocon forms the protein-conducting 
channel. 

Next, the authors reasoned that, if two SecY 
copies work together but each has a distinct 
function, an inactive SecY complex should be 
rescued on interaction with its active counter- 
part. This result would indeed prove that the 
oligomers are involved in translocation. To 
facilitate such analysis, two sec Y genes have pre- 
viously been fused in tandem, resulting in the 
production ofa covalently linked SecY dimer’. 
Using this approach, Osborne and Rapoport 
showed that an inactivating mutation in one 
SecY copy does not prevent protein transloca- 
tion as long as a normal copy of this complex is 
also present in the tandem construct. 

It remains conceivable that one SecY copy 
forms an active unit by interacting with another 
SecY copy, but without the contribution 
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Poole resources 


The Manila clam has been on the 
move for decades. It is native to 

the western Pacific, but following 
introduction to other parts of the 
Pacific, and then to southern Europe, 
it was brought to Britain in the 1980s 
as a source of seafood. At one site in 
Britain, Poole Harbour in Dorset, the 


clam (Tapes philippinarum) has now 
become naturalized. 

This could be worrying: when 
colonizing fresh regions, invasive 
species may devastate components 
of the existing flora and fauna. 

For the Eurasian oystercatcher, 
however, the advent of the clam 

at Poole is good news, as Richard 
Caldow and colleagues report 

(R. G. W. Caldow et al. Proc. R. Soc. B 
doi: 10.1098/rspb.2007.0072). 
This species of bird, Haematopus 
ostralegus ostralegus (pictured), 


overwinters in Poole Harbour. 
From their observations of its 
feeding habits, and from modelling 
studies, the authors conclude that 
the oystercatchers have benefited 
considerably from the extra source 
of food. 

Their observations show 
that a large proportion of the 
overwintering oystercatcher 
population of around 1,200 feeds 
onthe clams, a habit not previously 
recorded, and that clam meat 
constitutes a notable part of the 
birds’ diet. 

The simulations were carried 
out with an ‘individuals-based’ 
model of shorebird foraging, with 
the aim of providing a population- 
level estimate of the effect of 
the additional food source. The 
predicted result is a significant 


NEWS & VIEWS 


reduction in the mortality of the 
birds, which face the prospect of 
starvation in the period between 
September and March. 

As yet, there is no evidence that 
the Manila clam has affected other 
species of bivalve at Poole, although 
it occurs at low densities there 
compared with populations of the 
species elsewhere. But the clams’ 
occupation of this northern site was 
probably made possible by locally 
warm sea temperatures, and Caldow 


et al. raise the inevitable question 

of what consequences a continued 
warming might have. They envisage 
a further spread north. That process 
might exacerbate the retreat of the 
cold-water species that currently 
constitute food sources for 
shorebirds. But if, like the Eurasian 
oystercatcher, other birds develop a 
taste for the clam, the results might 
even be beneficial — at least from 
the avian point of view. 

Tim Lincoln 


of the other half of the fusion protein. How- 
ever, the results provide clear evidence that 
two SecY complexes are necessary to form an 
active channel. Moreover, because the inac- 
tivating mutation was previously shown to 
affect the binding of SecA to the channel’, such 
complementary action could be explained only 
if SecA binds to one SecY copy and the pro- 
tein substrate crosses the membrane through 
the other. Osborne and Rapoport confirm 
such a structural asymmetry. In the tandem 
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Pore ring 


Lateral 
gate 


Signal 
sequence 
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protein 


construct, one SecY copy is cross-linked with 
the translocating protein substrate, and the 
other copy is cross-linked near the ATPase 
motor domain of SecA. 

On the basis of these findings, Osborne and 
Rapoport’ provide a refined model of SecA- 
mediated protein translocation (Fig. 1). One 
SecY complex serves as the protein-conduct- 
ing channel, whereas its non-translocating 
counterpart forms a static docking site for the 
ATPase motor domain of SecA. This model is 


Membrane 


Figure 1| The protein translocation process as proposed by Osborne and Rapoport’. This simplified 
representation shows some of the structural elements of the dimeric SecY channel (blue) and the 
SecA ATPase (green), from a cut-away view of the membrane. a, At the beginning of the reaction, the 
conduits of the SecY dimer are sealed by the constricted pore ring and the plug domain (red). The 
protein substrate and its signal sequence (yellow) are engaged with the protein-binding domain of 
SecA (light green), whereas its ATPase domain (dark green) is anchored to the cytosolic loops of one 
SecY copy. b, On binding and hydrolysis of ATP, SecA pushes the signal sequence as a hairpin loop 
into the neighbouring SecY copy. The insertion of the hairpin causes the plug to move away from 
the centre of the conduit and fixes the pore in the open state. c, The ATPase domain of SecA remains 
anchored to one copy of SecY, and its protein-binding domain grasps another, downstream, segment 
of the polypeptide chain. The ATP-dependent cycle is repeated until the polypeptide is entirely 


transferred across the membrane. 
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consistent with results’ showing that a single 
SecY complex is sufficient to bind to SecA. 
Taking into consideration the dimensions of 
the SecY dimer and SecA, the authors propose 
that the deep groove observed in the crystal 
structure of SecA (ref. 11), and postulated to 
be involved in binding to signal sequences 
and polypeptide chains, would be located just 
below the active copy of SecY in the channel. 
This would be an optimal position for pushing 
the protein substrate through. 

How exactly SecA, which also forms a dimer 
in solution, binds to the Sec channel, and how 
it converts chemical energy into mechanical 
work, remains to be discovered. But the present 
study’ isa milestone on the way to understand- 
ing the intricate organization of the translocon. 
It reveals once again the unique characteristics 
of this remarkable machine. a 
Franck Duong is in the Department of 
Biochemistry and Molecular Biology, Life 
Sciences Institute, Faculty of Medicine, 
University of British Columbia, Vancouver, 

British Columbia V6T 1Z3, Canada. 
e-mail: fduong@interchange.ubc.ca 
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Knut Schmidt-Nielsen (1915-2007) 


Quests in comparative physiology. 


Knut Schmidt-Nielsen, one of the all-time 
greats of animal physiology, died on 

25 January. His influence on the subject 
was profound, not only through his original 
research but also through his books and the 
meetings he organized. 

Schmidt-Nielsen was born in Norway but 
moved to the United States in 1946. Much 
of his finest work concerns life in deserts, 
where the combination of heat and drought 
makes survival particularly difficult. The 
most effective means of keeping cool depend 
on evaporation of precious water, either in 
the breath or as sweat, but kangaroo rats 
survive in the Arizona Desert with nothing 
at all to drink. They keep reasonably cool by 
spending the day in burrows and emerging 
only at night. But even at night they would 
lose much too much water in their breath ifit 
were not for their remarkable noses. The air 
they breathe in is relatively cool and dry, but it 
is inevitably warmed in the body and becomes 
saturated with water vapour. To minimize 
water loss, this air must be cooled before 
it leaves the body to condense out most of 
the vapour. 

With his first wife Bodil, Schmidt-Nielsen 
showed that the incoming air cools the 
surfaces of the nasal cavity, which, in turn, 
cool the air when it is breathed out again. 

He showed that the same principle 
operates in other mammals and birds, but 
is particularly effective in kangaroo rats 
because their nasal surfaces are enlarged by 
elaborate nasal bones known as turbinals. 
They also save water by producing 
exceptionally concentrated urine. 

The countercurrent effect in the nose is 
vital to desert rodents. But it is potentially 
troublesome to dogs overheated by exercise, 
as they need to let water evaporate to cool 
themselves. With colleagues, Schmidt- 
Nielsen showed that panting dogs avoid the 
effect by breathing in through the nose but 
out through the mouth. 

Unlike kangaroo rats, camels are too 
big to retire to burrows in the heat of the 
day. Working in the Sahara Desert, the 
Schmidt-Nielsens showed that camels avoid 
the water loss that evaporative cooling would 
incur by allowing their bodies to heat up by 
day and cool by night. A camel may start 
the morning with a body temperature of 
only 34°C, but warms to 41 °C during the 
afternoon. This strategy would be ineffective 
for small animals such as kangaroo rats, 
because they would quickly heat up to lethal 
temperatures, but it works well for camels. 
Later, in Australia, Schmidt-Nielsen showed 
that camels’ noses conserve water even more 
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effectively than do those of kangaroo rats; 
hygroscopic surfaces dry the outgoing air. 

Sea birds face a different problem: they 
have nothing to drink but sea water, 
which has a much higher osmotic 
concentration than their blood. In principle, 
they could produce urine even more 
concentrated than sea water, but their 
kidneys are not equal to the task. Instead, 
Schmidt-Nielsen found that glands opening 
into their nostrils secrete droplets of 
concentrated salt solution that are shed 
by ashake of the head. 

With William Bretz, he tackled another 
aspect of bird physiology — the operation 
of their lungs. The lungs of birds are very 
different from those of mammals: instead 
of being a mass of blind-ended sacs they 
are formed from slender parallel tubes. 
Mammalian breathing is a reciprocating 
process; the air leaves by the same route that 
it came in. However, Schmidt-Nielsen and 
Bretz showed that airflow is one-way in bird 
lungs, flowing in at one end of the tubes and 
out at the other, and they suggested that gas 
exchange is enhanced by a countercurrent 
flow of air and blood. This would help birds 
to get oxygen into the blood at the high rates 
needed to power active flight. 

In the later part of his career, Schmidt- 
Nielsen concentrated on the consequences 
for animals of differences in body size. With 
C. R. (Dick) Taylor and other colleagues, he 
measured the rates of oxygen consumption 
of various mammals, ranging from mice to 
horses, running at different speeds. They 
calculated the quantity of oxygen used for 
each kilogram of animal moving a distance 
of one metre, and found that this was less for 
larger animals, falling offin proportion to 
(body mass) °*. 

Data for flying birds and swimming fish 
showed similar relationships to body 
mass, although flight is cheaper than 
running (for the same body mass), and 
swimming is cheaper still. These findings, 
and later work on this theme by others, 
have given valuable insight into the energy 
budgets of animals. They have also caused 
puzzlement (still not wholly dissipated), 
because they imply that the muscles of small 
animals work less efficiently than those of 
large ones. 

Of his books, Desert Animals (1964) and 
Scaling (1984) cover Schmidt-Nielsen’s two 
main fields of interest. His Animal Physiology 
(1960 and later editions) has been used and 
appreciated by countless students. How 
Animals Work (1972), my favourite among 
his books, is a small masterpiece. The Camel’ 
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Nose (1998) is his autobiography. 

Schmidt-Nielsen understood the value of 
bringing scientists together. Like the other 
participants, I benefited enormously from 
the series of select meetings that he and 
Liana Bolis arranged at delightful locations 
in Europe. He convened the small 
preliminary meeting that laid the foundation 
for the 1975 ‘Scaling Conference’ in 
Cambridge, UK, a meeting that inspired 
much subsequent research. He was president 
of the International Union of Physiological 
Sciences from 1980 to 1986. 

A fine bronze statue celebrating Schmidt- 
Nielsen’s work with desert animals in 
particular, which is shown in the picture here, 
stands outside the Department of Biology 
at Duke University in Durham, North 
Carolina, where he had worked since 1952. 
He received many other honours, including 
the International Prize for Biology, presented 
at an impressive ceremony by the Emperor 
of Japan. He was nevertheless unassuming, 
with the slight diffidence of manner 
characteristic of the old-fashioned ideal 
of the perfect gentleman. He and his wife 
Margareta were among the most delightful 
hosts I have known. a 
R. McNeill Alexander 
R. McNeill Alexander is at the Institute 
for Integrative and Comparative Biology, 
University of Leeds, Leeds LS2 9JT, UK. 
e-mail: r.m.alexander@leeds.ac.uk 
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Autophagy and cancer 


Beth Levine 


Autophagy is the degradation of redundant or faulty cell components. It occurs as part of a cell's 
everyday activities and as a response to stressful stimuli, such as starvation. Connections with cellular 
life-and-death decisions and with cancer are now emerging. 


How is autophagy induced? 

Autophagy occurs when cells need to ‘self- 
cannibalize’ or degrade their constituents. 
Underlying ‘housekeeping’ levels of autophagy 
probably occur in most normal cells to pre- 
vent the accumulation of protein aggregates 
and defective cellular substructures. Cer- 
tain environmental cues (such as starvation, 
high temperature, low oxygen, hormonal 
stimulation) or intracellular stress (damaged 
organelles, accumulation of mutant proteins, 
microbial invasion) activate signalling path- 
ways that increase autophagy. Classically, 
most research on how autophagy is induced 
has focused on an enzyme called TOR kinase. 
This enzyme is a sensor of nutrient status and 
a master regulator of cell growth; it negatively 
regulates autophagy through its effects on a 
set of proteins known as autophagy-execution 
proteins. However, it is now clear that numer- 
ous signalling pathways, such as those involved 
in the control of cell growth, DNA-damage 
repair, a form of programmed cell death called 
apoptosis, and immunity, can also induce 
autophagy. It is still a mystery how these specific 
signals turn on the autophagic machinery. 


What happens once autophagy is 
induced? 

Once the cell receives the appropriate signal, 
the autophagy-execution proteins trigger a 
cascade of reactions that result in membrane 
rearrangements to form a double-membrane- 
bound vesicle called an autophagosome 
(Fig. 1). Initially, an ‘isolation membrane’ 
forms, although its origin is still controversial. 
The membrane surrounds the cytoplasmic 
contents to be degraded, and its edges fuse to 
form the autophagosome. This vesicle then 
fuses with a lysosome (or a vacuole in yeast), 
with the release of lysosomal digestive enzymes 
into the lumen of the resulting autolysosome. 
The sequestered cytoplasmic contents are 
degraded inside the autolysosome into free 
nucleotides, amino acids and fatty acids, 
which are reused by the cell to maintain macro- 
molecular synthesis and to fuel energy produc- 
tion. The nutrient recycling and housekeeping 


Figure 1| Autophagy in action. a, Untreated breast cancer cell (lacking autophagosomes); b, breast 
cancer cell treated with the drug tamoxifen, and containing numerous autophagosomes (arrowed). 


Scale bars, 5 um. 


functions of autophagy promote cell survival, 
although in certain contexts autophagy may 
also promote cell death (Fig. 2, overleaf). 


Does autophagy also stop protein 
synthesis? 

No. On the contrary, one of its evolutionarily 
conserved functions, through protein recycling, 
is to help maintain the synthesis of essential 
proteins when external nutrients are limited. 
Although certain stress stimuli that induce 
autophagy, such as starvation, turn off gen- 
eral protein synthesis, they also turn on the 
synthesis of specific stress-response proteins, 
including autophagy-execution proteins. 
So in this setting, the cell uses a coordinated 
strategy. To ensure that it has enough amino 
acids to synthesize the proteins that are essen- 
tial for its survival, general protein translation 
is shut down and autophagy is activated. 


What are autophagy-specific genes? 

These are genes that are required for the 
execution of the autophagy pathway. Several 
of them encode proteins that are compo- 
nents of kinase complexes, which regulate 
the activity of proteins and lipids through the 
addition of a phosphate group. Alternatively, 
they encode components of protein-conjuga- 
tion systems, which attach to each other or to 
membrane lipids to form the membrane of 
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the autophagosome. Deletion of an autophagy- 
specific gene blocks autophagy in a cell or 
organism. These genes were first identified 
through genetic screens in yeast that included 
a search for genes that are essential for sur- 
vival during starvation. Many of these yeast 
genes are also present in higher organisms, 
as are the underlying molecular mechanisms 
of autophagy. Although there seems to be 
a universal requirement in autophagy for 
‘autophagy-specific’ genes, this does not mean 
that these genes are not involved in other 
cellular processes. 


Whatis the difference between 
autophagy and apoptosis? 

These two processes have long been classified 
as different forms of programmed cell death. 
But whereas apoptosis invariably leads to cell 
death, autophagy (despite its frequent occur- 
rence in dying cells) commonly contributes to 
cell survival. Deletion of autophagy-specific 
genes in cells of diverse organisms increases 
cell death during development, as well as 
susceptibility to starvation and other apop- 
totic stimuli. This is not to say that autophagy 
cannot also be a death programme. However, it 
seems to take on this function primarily when 
the cellular apoptotic machinery is crippled, 
or when autophagy is induced to such high 
levels that cells literally eat themselves to death. 
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Figure 2 | The autophagy pathway and its diverse cellular functions. Both metabolic stress and 

cancer therapies activate signalling pathways that stimulate autophagy. The process involves the 
sequestration of cytoplasmic material by a membrane-bound vesicle called the autophagosome, which 
then fuses with a lysosome to form an autolysosome. The degradation of cytoplasmic material within 
the autolysosome can promote cell survival either by generating free fatty acids and amino acids, 
which can be reused by the cell to maintain energy production and protein synthesis, or by removing 
harmful proteins and organelles. It can also promote cell death independently (presumably through 
self-cannibalization) or together with apoptosis. Furthermore, the turnover of proteins and organelles 
by autophagy may contribute to the control of cell growth. 


These scenarios may not be relevant to normal 
development or to physiological adaptations 
of cells and tissues to stress. However, they 
may be relevant to the development of cancer 
and to cancer therapy, because cancer cells 
often have mutations that confer resistance to 
apoptosis, and many chemotherapeutic agents 
that are toxic to the cell induce high levels of 
autophagy. 


Are autophagy and apoptosis 
interlinked? 

There is a complex, and not fully understood, 
relationship between them that may vary 
depending on the biological context. The two 
pathways are regulated by common factors; 
they share common components; they can 
exert overlapping functions; and one pathway 
may regulate and modify the activity of the 
other. Many signals that have long been known 
to activate apoptosis (sphingolipids, death- 
receptor signalling molecules, serine/threonine 
death kinases and mitochondrial-associated 
cell-death proteins) are now known to activate 
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autophagy. Conversely, signalling pathways 
that inhibit apoptosis (the class I PI3K/Akt 
signalling pathway and the stress-activated 
NF-«B signalling pathway) also inhibit auto- 
phagy. Intriguingly, regulators of apoptosis, for 
example members of the anti-apoptotic Bcl-2 
family, can also directly ‘disarm’ autophagy- 
execution proteins such as Beclin 1. And 
there is evidence that at least one ‘autophagy- 
specific protein (Atg5), when cleaved, can activate 
an apoptotic programme. Beclin 1 also has a 
structural domain that is considered a hallmark 
of pro-apoptotic proteins. 


Are autophagy and apoptosis mutually 
exclusive? 

No — they commonly occur in the same cell, 
both when autophagy is trying to keep cells 
alive and when it contributes to cell death. 
This co-occurrence can have different con- 
sequences. In some circumstances, includ- 
ing starvation and treatment with certain 
DNA-damaging agents, autophagy delays 
the onset of apoptosis. In others, such as 
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HIV infection, autophagy is required for the 
onset of apoptosis in uninfected lymphocytes. 
During embryonic development in mam- 
mals, autophagy neither delays nor promotes 
apoptosis, but it is required for dying cells 
to generate signals that ensure the efficient 
removal of apoptotic corpses. The complex 
interplay between autophagy and apoptosis is 
only now beginning to be unraveled. 


Is autophagy linked to disease? 

Yes, it is linked to both health and disease. 
Normally, it contributes to adaptation to cellu- 
lar stress, to development and differentiation, 
to immunity and to longevity. Too much or 
too little autophagy can contribute to certain 
cardiac- and skeletal-muscle diseases, liver 
diseases, infectious diseases, neurodegenera- 
tive disorders and cancer. 


What is the cancer connection? 

There are really two connections, one at the 
level of cancer development and the other at 
the level of cancer treatment. Inactivation of 
autophagy-specific genes, such as beclin 1, 
results in increased tumorigenesis in mice, 
and enforced expression of such genes (beclin 1, 
atg5) inhibits the formation of human breast 
tumours in mouse models. Furthermore, net 
deletions of several autophagy-specific genes 
are commonly found in human malignancies. 
Thus, autophagy may be a tumour-suppressor 
pathway, and its decreased activity may con- 
tribute to the development of human cancer. 
Consistent with this theory, tumour-suppres- 
sor genes that are frequently mutated in human 
cancer (p53, PTEN) turn autophagy on, and 
genes that are frequently activated in cancer, 
such as those encoding class I PI3K and AKT, 
turn it off. The conflicting pro-survival and 
pro-death functions of autophagy make the 
connection to cancer treatment more complex. 
The pro-survival function may help cancer 
cells to survive in nutrient-limited environ- 
ments, and to resist ionizing radiation and 
chemotherapies. But the pro-death function 
may help to kill cancer cells, either spontane- 
ously or when they are exposed to radiation 
or chemotherapy. These seemingly paradoxi- 
cal functions have fuelled intense debate as to 
whether autophagy is cancer’s friend or foe. 


How can autophagy prevent cancer? 

There are several possible ways (Fig. 3). The 
most obvious one is by suppressing tumori- 
genesis through its death-promoting effects. 
However, it is unclear whether, like apoptosis, 
autophagy is an important cell-death pathway 
in tissue maintenance, because autophagy- 
deficient organisms often show increased, 
rather than decreased, cell death. Another 
hypothesis is that autophagy prevents DNA 
damage, presumably through its cellular 
housekeeping role in removing sources of 
oxidative stress such as defective cellular 
organelles (mitochondria or endoplasmic 
reticulum). This theory could mechanistically 
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link the tumour-suppressor and anti-ageing 
functions of autophagy and help to explain the 
increased incidence of cancer as people age 
and their underlying housekeeping levels of 
autophagy decline. A third possibility is that 
it negatively regulates cell growth. Thus, not 
only might alterations in protein degradation, 
which is mediated by a complex known as the 
proteasome, contribute to the development of 
cancer, but imbalances between autophagy- 
dependent protein degradation and synthesis 
might also be a factor. Interestingly, mice with a 
mutation in one copy of an essential autophagy 
gene show no defects in apoptosis, but do show 
increased cellular proliferation in tissues that 
are prone to tumour formation. This suggests 
that the effects of autophagy on cell growth 
rather than its potential pro-death effects may 
play a pivotal role in tumour suppression. 


How can autophagy promote cancer? 

Again, there are several possible ways (Fig. 3). 
In all eukaryotic organisms, autophagy-specific 
genes promote the survival of normal cells 
during nutrient starvation. Similarly, autophagy 
might enhance the survival of rapidly growing 
cancer cells that have outgrown their vascular 
supply and face oxygen shortage or metabolic 
stress. In other words, it may be the crutch 
that tumour cells use to survive the shortage 
of energy and nutrients. It might also promote 
the survival of cancer cells by targeting dam- 
aged mitochondria and other organelles for 
lysosomal degradation, thereby buffering oxi- 
dative stress that can be triggered by activated 
cancer-causing genes or by cancer treatments. 


Would you turn autophagy on or off to 
kill a tumour cell? 

Paradoxically, either action may be correct 
(Fig. 4). The absence of autophagy increases 
susceptibility to death when cells confront 
stressful conditions (metabolic stress, cyto- 
toxic chemotherapy). By contrast, high levels 
of autophagy, or its occurrence in cells with 
crippled apoptotic machinery, can also lead to 
cell death. Yet it may be premature to conclude 
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Figure 4 | Relationship between the levels of 
autophagy and cell death. Physiological 

levels of autophagy are essential for normal 
cellular homeostasis. The absence of autophagy 
increases cell death during metabolic stress and 
on treatment with cytotoxic chemotherapeutic 
agents. By contrast, excessive levels of autophagy 
promote cell death, presumably via self- 
cannibalization. Antitumour effects may be 
observed at all levels of autophagy, in relation 
either to cell death (when autophagy is very 
low or very high) or to cell-death-independent 
tumour-suppressor effects (when autophagy 
levels are intermediate). 


that we should try to kill tumour cells by turn- 
ing autophagy either on or off. Regardless of 
the approach taken, it is potentially risky if cell 
death does not invariably occur. Actions that 
reduce only some of autophagy’s effects could 
result in loss of its tumour-suppressive func- 
tion, whereas interventions that enhance only 
some of its effects could result in the increased 
survival of tumour cells. 


Can targeting autophagy be exploited 
in cancer treatment? 

Yes, but only if we can figure out whether 
autophagy should be turned on or off. Given 
the numerous paradoxes related to its role in 
cell death and cancer, this may prove quite diffi- 
cult. Animal studies can help decipher whether 
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Figure 3 | Conflicting effects of autophagy on cancer. Experimental evidence supports a role for 
autophagy in both cancer development and suppression. What tips the balance is not clear. 
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the pro- or anticancer effects of autophagy 
prevail in any given setting. For example, in 
one animal model in which tumour cells have 
a defect in the apoptotic pathway, autophagy 
promotes tumour-cell survival during meta- 
bolic stress, but also prevents tumorigenesis, 
necrosis and inflammation. Thus, at least in 
this case, the tumour-suppressor effects of 
autophagy overshadow the autophagy-depend- 
ent survival pathway. By contrast, in another 
animal model in which tumours are caused by 
an activated cancer-causing gene, autophagy 
inhibition with the drug chloroquine enhances 
therapy-induced apoptosis and tumour regres- 
sion. These examples illustrate the complexity 
of predicting the net effect of autophagy in 
cancer. They also hint at some of the variables 
that might be involved, including the stage of 
tumorigenesis, the sensitivity of the tumour 
cells to apoptosis and the specific molecular 
alterations in the cells. 


What are the next steps in research? 
They will be to determine more precisely 
if, when and how autophagy prevents or 
promotes cancer. 


Will clinical trials help resolve the 
autophagy and cancer controversy? 
Ultimately, the question of whether to turn 
autophagy on or off may be resolved by infor- 
mation from clinical trials in cancer patients. 
Many anticancer agents are potent inducers 
of autophagy. The optimist may view this as 
evidence that inducing autophagy is a desir- 
able target for cancer therapy. By contrast, the 
pessimist can rightly argue that autophagy 
may function as a stress response to counter 
the toxic effects of antitumour drugs, and that 
such drugs might work even better if coupled 
with autophagy inhibitors. There is experi- 
mental support for each of these views. But 
because all current antitumour agents target 
pathways other than autophagy, it is difficult 
to dissect the role of autophagy stimulation 
in their therapeutic action. New agents that 
specifically target autophagy will have to be 
developed and tested to resolve this contro- 
versy. Only then will we begin to understand 
how to translate advances in our knowledge 
of the autophagy pathway into approaches to 
combat cancer. . 
Beth Levine is in the Department of Internal 
Medicine, University of Texas Southwestern 
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Multiple molecular mechanisms for 
multidrug resistance transporters 


Christopher F. Higgins't 


The acquisition of multidrug resistance is a serious impediment to improved healthcare. Multidrug resistance is most 
frequently due to active transporters that pump a broad spectrum of chemically distinct, cytotoxic molecules out of cells, 
including antibiotics, antimalarials, herbicides and cancer chemotherapeutics in humans. The paradigm multidrug 
transporter, mammalian P-glycoprotein, was identified 30 years ago. Nonetheless, success in overcoming or circumventing 
multidrug resistance in a clinical setting has been modest. Recent structural and biochemical data for several multidrug 
transporters now provide mechanistic insights into how they work. Organisms have evolved several elegant solutions to 
ridding the cell of such cytotoxic compounds. Answers are emerging to questions such as how multispecificity for different 


drugs is achieved, why multidrug resistance arises so readily, and what chance there is of devising a clinical solution. 


ince the discovery of effective antibiotics in the 1940s, a false 
sense of security has pervaded the public consciousness: the 
assumption that new drugs will increasingly conquer disease. 
This has proved over-optimistic, nowhere more so than the 
re-emergence of antibiotic-resistant infections such as tuberculosis. 
The problem is not restricted to antimicrobials—around 40% of 
human tumours develop resistance to chemotherapeutic drugs. 
With hindsight, it is not surprising that drug resistance is selected 
and spreads rapidly through cell populations. What is, perhaps, 
surprising is the phenomenon of multidrug resistance—the sim- 
ultaneous acquisition of resistance to many chemically unrelated 
compounds to which the cell has never been exposed. Multidrug 
resistance is, in large part, the story of membrane transporters. 

Cellular resistance to a single class of cytotoxic drugs can arise in 
many ways, including alteration of the target protein, decreased 
membrane permeability and drug metabolism. In contrast, the prin- 
cipal mechanism of multidrug resistance is the active transport of 
drugs out of the cell. Typically, each active transport protein is highly 
specific for its substrate, be it an amino acid, sugar or polypeptide. 
Unusually, however, multidrug transporters have broad specificity 
for a wide range of chemically unrelated molecules. Multidrug trans- 
porters, whether from Escherichia coli or an elephant, have similar 
(but not identical) multispecificity for many relatively lipophilic, 
planar molecules of molecular weight less than around 800 Da that 
are often, but not exclusively, weakly cationic (Fig. 1). These char- 
acteristics mirror those of many biologically active drugs and it is, 
therefore, not surprising that multidrug transporters in humans 
influence drug delivery and pharmacokinetics’. 

Active membrane transporters, whatever their substrate, fall into a 
relatively small number of protein superfamilies. Transporters within 
each superfamily are related with regards to amino acid sequence, 
structure and evolutionary origin. Intriguingly, multidrug transpor- 
ters occur within several of these superfamilies* and must, therefore, 
have evolved several times, independently, in the context of very 
different protein backbones. These transporters present many intel- 
lectual and experimental challenges. How do they pump lipophilic 
drugs vectorially across lipid membranes? How can the very different 
architectures of different families of transporter each be adapted to 


multidrug transport? How is multispecificity achieved? What is the 
normal physiological function of these transporters? 

Structures have now been obtained for multidrug transporters from 
four distinct transporter superfamilies (Fig. 2): (1) the ABC family 
(ATP-binding cassette: Sav1866 from Staphylococcus and mammalian 
P-glycoprotein); (2) the MFS family (major facilitator superfamily: 
EmrD from E. coli); (3) the RND family (resistance-nodulation-division: 
AcrB from E. coli); (4) the SMR family (small multidrug resistance: 
EmrE from E. coli). Together with structures of soluble, drug-binding 
transcription factors these data now provide satisfying, if incomplete, 
insights into the mechanisms and biology of multidrug resistance. 


ABC transporters: Sav1866 and P-glycoprotein 


ATP-binding cassette (ABC) transporters are present in all cells of all 
organisms and use the energy of ATP binding/hydrolysis to transport 
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Figure 1| Substrates of multidrug transporters. Multidrug transporters 
have subtly different multispecificities. However, their substrates share a 
number of features in common: planar, heterocyclic, lipophilic compounds 
of molecular mass less than 800 Da and, often, weakly cationic. 
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substrates across cell membranes’. Typically, they are specific for a 
given ligand that can be an inorganic ion, amino acid, sugar, polypep- 
tide, or any one of a number of other classes of molecule. However, a 
few ABC transporters have evolved a broad specificity for hydrophobic 
molecules. Mammalian P-glycoprotein (ABCB1) is, arguably, the best 
characterized of all ABC transporters and, when overexpressed, con- 
fers resistance of cancer cells to a variety of chemotherapeutic drugs 
(for example, doxorubicin, Taxol, etoposide)**. Multidrug ABC 
transporters have also been implicated in antibiotic resistance, drug 
resistance in fungi and parasitic protozoa, and herbicide resistance in 
plants*. Intriguingly, the bacterial transporter LmrA, when expressed 
in mammalian cells, confers multidrug resistance indistinguishable 
from that of mammalian P-glycoprotein’. The minimal functional 
unit of all ABC transporters consists of four domains® (Fig. 2). Two 
cytoplasmic, nucleotide-binding domains (NBDs) bind and hydrolyse 
ATP and share a common protein fold distinct from that of other 
ATP-binding proteins. Two transmembrane domains (TMDs) each 
consist of multiple (generally six) membrane-spanning o-helices and 
form the pathway through which substrates cross the membrane. 
These four domains can be fused into multidomain polypeptides in 
a variety of ways. Bacterial multidrug transporters (for example, 
Sav1866) are most commonly homodimers of molecules comprising 
one NBD and one TMD, whereas mammalian P-glycoprotein has all 
four domains fused into a single polypeptide. 

P-glycoprotein was the first multidrug transporter for which struc- 
tural data were obtained, albeit at low-to-medium resolution”. 
These remain the only structural data for any mammalian multidrug 
transporter. Recently, a high-resolution structure of a homologous 
bacterial multidrug ABC transporter, Sav1866 from Staphylococcus 
aureus, was determined’ (Fig. 3). The Sav1866 structure is consistent 
with the lower resolution structures”’* and biochemical cross- 
linking data'*’* for P-glycoprotein. The two TMDs form a chamber 
in the membrane which, at least in the equivalent to the ATP-bound 
state (see below), is open extracellularly. This chamber is lined by 
hydrophobic and aromatic amino acids contributed by several trans- 
membrane a-helices. The two NBDs form a head-to-tail ‘sandwich’ 
dimer in the intact protein, aligned such that each NBD contacts both 
TMDs. Two ATP-binding pockets are formed at the NBD dimer 
interface with amino acids from each monomer contributing to each 
ATP-binding pocket'®. 

Structures for two substrate-specific ABC transporters from bac- 
teria have also been determined: the vitamin B,, transporter BtuCD”” 
and a metal-chelate transporter, HI1470-1 (ref. 18). Three putative 
structures for MsbA, a lipid A transporter, have been retracted’’. As 
expected for homologous proteins, the structures of BtuCD and 
HI1470-1 are closely related to each other, and each transporter 
has a total of 20 transmembrane «-helices. However, although their 
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overall architecture is similar to that of Sav1866/P-glycoprotein, 
there are significant differences in detail. The NBD dimer is similar 
in the BtuCD/HI1470-1 and Sav1866/P-glycoprotein pairs but the 
TMDs have unrelated folds. Furthermore, in BtuCD/HI1470-1 each 
NBD contacts only one of the two TMDs, whereas in Sav1866/P- 
glycoprotein each NBD contacts both TMDs. Biochemical cross- 
linking for P-glycoprotein confirms that each NBD interacts with 
two TMDs in this sub-group of proteins”’. Thus, it seems that the 
two families of ABC transporters—the ABCB sub-family (Sav1866 
and P-glycoprotein) and the BtuCD/HI1470-1 sub-family—have 
similar NBD dimers coupled to structurally and evolutionarily dis- 
tinct pairs of [MDs. Consistent with this, ABC dimers are also known 
to couple ATP binding/hydrolysis to other very different classes of 
protein including DNA repair enzymes”. 

These structural data, together with extensive biochemical and 
genetic characterization, have led to the ATP-switch model for 
transport”. The driving force for drug transport is a switch between 
two principal conformations of the NBD dimer: ATP binding 
induces rigid body rotation of domains within each NBD with 
respect to each other and formation of a closed dimer with two 
molecules of ATP sandwiched at the dimer interface. ATP hydrolysis 
and inorganic phosphate (P;)/ADP release return the dimer to its 
open configuration. The close proximity of the two NBDs in struc- 
tures of intact ABC transporters suggests that the structural differ- 
ences between the open and closed dimers are probably subtle rather 
than complete dimer dissociation. The kinetics of the switch can 
differ between transporters depending on the extent of cooperativity 
between the two nucleotide-binding pockets and signals from the 
transmembrane domains. ATP-binding by the NBDs and formation 
of the closed dimer induce substantial conformational changes in the 
TMDs'°” that mediate substrate translocation—a reduction in the 
drug-binding affinity**~* and reorientation of the binding site so that 
it is exposed to the extracellular face of the membrane” and drug can 
be released. ATP hydrolysis and P;/ADP release restore the open 
dimer and the transporter to its starting configuration. The func- 
tional role of ATP binding and closed dimer formation is illustrated 
by studies of another ABC protein, CFTR, where, instead of medi- 
ating transport the ATP switch opens a chloride channel’*. The nat- 
ure of the conformational changes in the TMDs of ABC transporters 
is unknown. However, biochemical data, comparison of the ATP- 
bound and ATP-free forms of P-glycoprotein, and comparison of 
the BtuCD/HI11470-1 pair—which are thought to be in the ATP- 
bound (closed dimer) and ATP-free (open dimer) conformations, 
respectively—imply relatively small-scale tilting and rotation of sev- 
eral individual transmembrane «-helices with respect to each other to 
expose alternately the central chamber and drug-binding site(s) to 
the extracellular and cytoplasmic faces of the membrane”. 
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Figure 2 | Schematic diagram of domain organization of multidrug transporters. Examples of each of the four major families of transporters that include 
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As no structures of ABC transporters with bound substrate have 
been obtained, the nature of the substrate-binding site(s) can only be 
inferred. Drugs bind to a high-affinity site(s) on the protein from the 
inner leaflet of the lipid bilayer*”*®. Mutations that alter drug-binding 
specificity of P-glycoprotein implicate several a-helices that line the 
central chamber’"”’. It is reasonable, therefore, to suppose that the 
drug-binding site(s) is located in this chamber. Competitive and 
non-competitive drug-binding interactions**”’, the observation that 
one drug can stimulate transport of another****, and the demonstra- 
tion that two drug molecules can bind per protein molecule”, 
implicate multiple drug-binding sites. However, these data are also 
compatible with a single, large, flexible pocket that can bind more 
than one drug molecule simultaneously. On the basis of data for 
other multidrug-binding proteins this now seems to be the most 
plausible hypothesis (see below). 


RND transporters: AcrB 

Resistance-nodulation-division (RND) proteins are found in both 
prokaryotic and eukaryotic cells and have diverse substrate specifi- 
cities and physiological roles. However, there are relatively few RND 
transporters and they are secondary transporters, energized not by 
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Figure 3 | Structure of ABC multidrug transporters. The backbone 
structure of Sav1866 is shown in ribbon representation. Sav1833 is a 
homodimer and the two monomers are coloured yellow and turquoise. 

a, View perpendicular to the cell membrane, in two orientations at right 
angles to each other. The TMDs span the lipid bilayer and consist of a total of 
12 membrane-spanning «-helices. The NBDs are exposed at the cytoplasmic 
face of the membrane, linked to the TMDs by intracellular loops (ICLs). The 
six transmembrane «-helices of one subunit are numbered. The grey box 
indicates the probable position of the lipid membrane bilayer. b, View in the 
plane of the membrane showing the substrate translocation pathway, from 
the intracellular (left panel) and extracellular (right panel) faces of the 
membrane. The transmembrane (TM) helices are numbered and the cavity 
is shown as grey shading. Figure adapted from ref. 13. 
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ATP binding/hydrolysis but by proton movement down the trans- 
membrane electrochemical gradient. Few RND proteins have been 
well characterized. The family includes NPC-1, which is defective in 
Niemann—Pick disease and modulates subcellular lipid/cholesterol 
distribution*’, and Dispatched in Drosophila and mammals which 
is required for the export of the cholesterol-modified signalling pep- 
tide Hedgehog’’. Neither NPC-1 nor Dispatched, however, have 
formally been demonstrated to transport their putative substrates. 
By far the best characterized RND protein is AcrB from E. colithat can 
increase resistance to a variety of antibiotics by several orders of 
magnitude”. Recent structures of AcrB provide insights into the 
mechanism by which it, and presumably other RND transporters, 
works? . 

Gram-negative bacteria including E. coli have two cell membranes— 
a cytoplasmic membrane and an outer membrane—separated by the 
periplasmic space. Many antibiotic targets are located in the periplas- 
mic space (for example, the cell wall components targeted by B-lactam 
antibiotics). Thus, to confer resistance against a broad spectrum of 
antibiotics, active transporters must not only pump them out of the 
cytoplasm but also across the outer membrane. As the outer mem- 
brane is unable to maintain an electrochemical gradient or access ATP, 
energy input requires proteins located in the cytoplasmic membrane. 
AcrB is one such transporter (Fig. 2). AcrB consists of a transmem- 
brane domain with 12 membrane-spanning o-helices and a large 
periplasmic domain. The functional transporter is a trimer with a total 
of 36 membrane-spanning «-helices. Two ‘helper’ proteins, AcrA and 
TolC, are required for AcrB to pump antibiotics out of the cell. AcrA is 
thought to have a role in membrane fusion but also has a more active, 
but poorly understood, role in the transport event itself**’. TolC is a 
pore-like molecule comprising a 100A «-helical pore that spans the 
periplasm and a 40 A B-barrel that spans the outer membrane“, AcrB 
translocates drugs into the TolC pore through which they cross both 
the periplasm and outer membrane. As TolC can couple to many 
different transporters, besides AcrB, it serves a generic role and has 
little or no function in determining the specificity or directionality of 
transport. 

The structure of the AcrB trimer is shown in Fig. 4. The periplas- 
mic domain adopts a subtly different conformation in each subunit 
of the trimer*®**’. Each contains a potential substrate-recognition site 
and structures with bound drugs have been obtained“. However, 
only one site (the binding site; Fig. 4) is occupied by substrate at 
any given time. A second site (the extrusion site) is closed to the 
periplasm but open to the TolC docking domain, suggesting that it 
has just released substrate into the TolC pathway to exit the cell. In 
this site the drug pocket is smaller and the phenylalanine side chains 
are realigned so drug cannot enter or form stacking interactions— 
exactly as predicted for a low-affinity ‘release’ site. The third site (the 
access site) is closed to the TolC pathway but open to the periplasm, 
apparently ready to accept substrate. It does not take much imagina- 
tion to envisage an “alternating sites’ model in which each of the three 
periplasmic domains adopts each of the three conformations in turn, 
passing substrate through the periplasmic domains to the TolC path- 
way and out of the cell. The movement of substrate through each 
periplasmic domain has been described as peristaltic’. Although 
analogous to the F;Fy ATPase, AcrB has no rotating subunit and 
the conformational changes must be induced directly by protons 
passing across the membrane down their electrochemical gradient. 
Three charged residues (Asp 407, Asp 408 and Lys 940) in the trans- 
membrane domains that are conserved among all RND proteins and 
essential for function” probably mediate proton movement. Thus, 
like ABC transporters, energy transduction mediated by one domain 
(the transmembrane domain) is transduced by way of a conforma- 
tional change to a second domain (the periplasmic domain) that 
mediates vectorial drug transport through changes in the affinity 
and orientation of a substrate-binding site. Without further data 
the molecular basis of energy transduction remains obscure. 
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As for other multidrug transporters, AcrB transports a plethora of 
hydrophobic compounds out of the cell. AcrB has been crystallized, 
separately, with two different bound substrates: minocycline and 
doxorubicin*®. Despite their chemical differences both drugs bind 
in the same cavity in the periplasmic domain. This cavity is lined 
by hydrophobic and aromatic amino acids but also includes two 
polar residues, Gln 176 and Asn 274, that help to neutralize the charge 
of cationic drugs. The two drugs bind in different although overlap- 
ping places within this cavity and interact with different amino acid 
side chains. The finding that the substrate-binding site is in the peri- 
plasmic domain implies that AcrB ‘picks up’ drug from the outer 
(periplasmic) leaflet of the membrane to transport it out of the cell. 
This raises an apparent paradox: does AcrB also transport drugs from 
the cytoplasm? It is possible that another transporter facilitates drug 
‘flopping’ from the inner to the outer leaflet from which AcrB pumps 
drug out of the cell. However, the three transmembrane domains of 
AcrB form a large (30 A) hydrophobic cavity that appears to span 
much of the lipid bilayer and was originally suspected to form the 
drug translocation pathway. Indeed, an early structure showed three 
ligand molecules bound in this pathway*’. Although subsequent data 
are inconsistent with these being sites from which transport occurs, it 
seems likely that AcrB also transports drugs directly from the cyto- 
plasm, because a homologous protein, AcrD, has been shown to 
transport aminoglycosides from the cytoplasm™. 


SMR transporters: EmrE 

Small multidrug resistance (SMR) proteins are a relatively small 
family of transporters, restricted to prokaryotic cells. They are also 
the smallest multidrug transporters, with only four transmembrane 
a-helices and no significant extramembrane domain, although as they 
function as dimers the minimal functional unit is a bundle of eight 
a-helices (Fig. 2). The paradigm SMR transporter, EmrE, is an elec- 
trogenic antiporter from E. coli that can confer resistance to a wide 
variety of hydrophobic cationic molecules, including antibiotics”. 

A structure obtained by cryo-electron microscopy to 7 A resolu- 
tion*®, together with genetic and biochemical data*’, shows that 
EmrE is a homodimer (Fig. 5). Two putative X-ray structures that 
were inconsistent with these data have recently been retracted”. 
Unusually, the two identical subunits appear to be oriented oppo- 
sitely (antiparallel) in the membrane, although the folds of each 
monomer are subtly different. Although an antiparallel arrangement 
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Figure 4 | Structure of RND multidrug transporters. The structure of AcrB 
in complex with minocycline is shown. AcrB is a trimer and the three 
monomers are coloured blue, red and green. The bound substrate 
minocycline is shown in the periplasmic domain as coloured balls and is 
present in one of the monomers only. a, View perpendicular to the 
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has been challenged by protein cross-linking studies**, antiparallel 
homodimers and heterodimers are increasingly being recognized 
among membrane proteins and evolutionary and topological map- 
ping now support an antiparallel arrangement for the subunits of 
EmrE”. 

EmrE is, in essence, a simple bundle of eight transmembrane 
a-helices that forms a pathway across the membrane. This pathway 
is lined primarily by hydrophobic and aromatic amino acids from 
several of the a-helices and is potentially accessible from both sides of 
the membrane (Fig. 5). The structure with bound TPP* (tetraphe- 
nylphosphonium) shows a relatively large, open pocket within the 
core of the hydrophobic transmembrane pathway and close to the 
middle of the membrane bilayer*®. The involvement of multiple 
a-helices in forming the binding site/translocation pathway is con- 
sistent with extensive mutagenesis and other studies*’. Glu 14, known 
to be essential for binding cationic drugs, is appropriately located. 
This residue has also been implicated in proton movement and, 
although the mechanism of proton coupling remains unknown, 
the involvement of Glu 14 in both substrate- and proton-binding 
suggests that the mechanisms of energy coupling in this family may 
differ from RND and MFS transporters*’. The precise nature of the 
drug-binding site and the proton-induced conformational changes 
that presumably expose the site alternately to opposite faces of the 
membrane to achieve transport, remain unknown. 


MEFS transporters: EmrD 

Major facilitator superfamily (MFS) transporters and ABC transpor- 
ters comprise the two largest and most functionally diverse of the 
transporter superfamilies. However, MFS transporters are distinct 
from ABC transporters in both their primary sequence and structure 
(Fig. 2) and in the mechanism of energy coupling. As secondary 
transporters they are, like RND and SMR transporters, energized 
by the electrochemical proton gradient. Only in 2003 were the first 
X-ray structures for MFS transporters determined, for LacY°' and 
GlpT” from E. coli. Subsequently, the structure of a single multidrug 
transporter from this superfamily, EmrD from E. coli, was deter- 
mined to 3.5A resolution®’. EmrD extrudes a range of cytotoxic 
molecules from the cell, although it is otherwise not well character- 
ized. Fortunately, however, EmrD is homologous to two other MFS 
multidrug transporters that have been characterized biochemically in 
some detail: LmrP from Lactococcus lactis and MdfA from E. coli. 


Access 


membrane plane. The approximate position of the membrane bilayer is 

indicated. b, View parallel to the membrane plane, from the periplasmic side. 
The three periplasmic domains differ subtly in structure and the ‘binding’, 
‘access’ and ‘extrusion’ subunits are indicated. Figure adapted from ref. 40. 
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EmrD is a compact protein with twelve membrane-spanning 
a-helices organized as two bundles of six that form a hydrophobic 
cavity within the plane of the bilayer (Fig. 5). The external «-helices 
(helices 3, 6, 9, 12) adopt a similar configuration to their equivalents 
in LacY and GlpT. The more internal o-helices deviate in their 
arrangement and form a larger internal cavity, presumably because 
of the different substrate specificities—LacY and GlpT are very sub- 
strate-specific whereas EmrD has broad multispecificity. This sug- 
gests that this internal cavity forms part of the drug transport 
pathway. No structure with bound drug has yet been obtained and 
there is no direct evidence that drugs bind in, or are transported 
through, this cavity. Nevertheless, mutational data for MdfA™* and 
LmrP* imply that residues lining this central cavity are indeed 
involved in substrate recognition and translocation. These are, prim- 
arily, hydrophobic and aromatic amino acids but also include some 
polar residues. Notably, mutagenesis data suggest that many residues 
contribute to substrate binding, with different residues being more or 
less significant for different substrates. A good example is E26, which 
is important for the transport of cationic drugs but much less so for 
neutral ones™. Different drugs show complex competitive and non- 
competitive interactions with LmrP, leading to the suggestion that 
there may be multiple binding sites*®. Indeed, MdfA appears to be 
able to bind chloramphenicol and TPP* simultaneously”. However, 
as for P-glycoprotein (see above), these data are also compatible with 
the simpler interpretation that there is a single large and flexible 
drug-binding site (see below). 

Apart from its structure and the known requirement for the elec- 
trochemical gradient, little is known about the mechanisms of energy 
coupling or drug transport by EmrD. However, the related LacY 
protein is, arguably, the most intensively studied of all transporters” 
and a clear kinetic model has been established. For each molecule of 
lactose transported, a proton is transferred across the membrane via 
conserved and essential acidic residues. The proton and substrate 
(lactose) pathways seem to be distinct. Proton movement induces a 


Figure 5 | Structures of SMR and MFS multidrug transporters. Left panels: 
structure of EmrE from E. coli determined by cryo-electron microscopy, 
viewed perpendicular to the membrane plane (top) and parallel to the 
membrane plane (bottom). The two antiparallel subunits each have four 
membrane-spanning «-helices. Taken, with permission, from ref. 46. Right 
panels: structure of EmrD from E. coli, viewed perpendicular (top) and 
parallel (bottom) to the plane of the membrane from the cytoplasmic side. 
The 12 membrane-spanning «-helices are numbered. Taken, with 
permission, from ref. 53. 
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conformational change that exposes the lactose-binding site to the 
external face of the membrane, reducing the affinity for lactose bind- 
ing and facilitating its consequent release. The proton is then released 
and the transporter returns to its basal state with a high-affinity 
lactose-binding site exposed to the cytoplasm. It is likely that the 
principles established for LacY apply to the less-extensively studied 
drug transporters. However, there may be some adaptations to 
enable drugs of different charge to be accommodated. For example, 
in LmrP the two acidic residues (D142 and E327) involved in proton 
translocation are not essential but are individually replaceable, influ- 
encing the proton/substrate stoichiometry”’. The relative importance 
of AW and ApH also seems to depend on the charge of the drug. As no 
structures of an MFS transporter at different stages of the transport 
cycle have yet been determined, the conformational changes that 
occur during transport can only be speculative. 


Drug-binding transcription factors: QacR and BmrR 


Structures of multidrug transporters with bound drug are limited. 
Nevertheless, important insights into the nature of multispecific 
drug-binding sites have been gained from studies of multidrug- 
binding transcription factors. In bacteria, expression of several multi- 
drug transporter genes is induced by their cognate drug substrates. 
Soluble transcription factors bind drug and mediate this response, 
and the multispecificity of drug binding by these transcription factors 
is, unsurprisingly, similar to that of their partner transporters. These 
transcription factors have been much more amenable to structural 
study than the membrane-bound transporters. Elegant studies of two 
of them have been particularly informative: BmrR from Bacillus sub- 
tilis®° and QacR from Staphylococcus aureus®’. Structures with and 
without bound drug show that, although the folds of their multidrug- 
binding domains differ, the two proteins bind drugs in a similar 
manner. 

BmrR and QacR each have a relatively large drug-binding pocket 
that can accommodate the entire spectrum of drug ligands—there is 
no need for multiple pockets to explain multispecificity®. The archi- 
tecture of the drug-binding pockets allows different ligands to adopt 
different orientations within the pocket and interact with different 
sets of amino acids. For example, in QacR two chemically diverse 
ligands (rhodamine and ethidium) occupy distinct, almost non- 
overlapping sites within the binding pocket and interact with differ- 
ent amino acid side chains. A structure has also been obtained in 
which two different drugs (ethidium and proflavin) are bound simul- 
taneously” (Fig. 6). Regions of the pocket not occupied by ligand are 
occupied by water molecules, as initially described for the polyspe- 
cific oligopeptide-binding protein of Salmonella typhimurium™. The 
pocket wall is flexible and can change conformation upon ligand 
binding, increasing promiscuity. Nevertheless, flexibility is limited, 
not unexpectedly for a folded protein, explaining why addition of a 
specific side chain to some drugs can reduce binding affinity. 

The drug-binding pockets shield bound drug from the aqueous 
phase and drug binding is stabilized by van der Waals interactions 
with the surrounding hydrophobic and aromatic amino acid side 
chains. Sequestration of drug in a hydrophobic pocket provides suf- 
ficient energy to stabilize binding, as it negates the disruption of 
hydrogen bonds between water molecules otherwise caused by drug 
molecules in aqueous solution. Binding affinity for cationic drugs is 
augmented by electrostatic attraction between the positively charged 
ligand and negative charges on the protein. The hydrophobic envir- 
onment of the drug-binding pocket makes electrostatic attraction an 
especially powerful stabilizing factor as water dipoles are avoided. 
Notably, this electrostatic interaction does not require perfect align- 
ment of the positive and negative charges. For example, for BmrR the 
closer the positive charge of the bound drug to the single glutamate 
(Glu 134) in the binding pocket the higher the drug-binding affin- 
ity. In QacR, the four glutamates exposed in the drug-binding 
pocket stabilize the binding of different drugs, depending on how 
the specific drug is aligned in the pocket*’. In the unliganded proteins 
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the charged residues are shielded from the aqueous phase, for 
example in BmrR by a flexible «-helical arm that is displaced when 
drug binds”. 

Although not linked to transport, the structures of three other 
proteins that bind multiple hydrophobic ligands illustrate a similar 
mechanism of multispecific binding’. The drug-metabolizing 
enzyme P450 not only has a binding site with similar characteristics 
to those of BmrR and QacR, but a structure has been obtained with 
two identical drug molecules in the same pocket, explaining homo- 
topic cooperativity®. The PXR transcriptional regulator® has a 
similar binding site, as does the mammalian odorant-binding pro- 
tein, which, intriguingly, is constructed from B-sheets rather than 
a-helices®”. 


Insights from comparison of multidrug transporters 


It has proved unusually difficult to obtain structures of drug trans- 
porters, in part owing to the general problems of purifying and crys- 
tallizing membrane proteins. Multispecific transporters may be 
particularly problematical as they are required to be flexible in order 
to translocate relatively large molecules across the bilayer—flexibility 
can lead to anomalous crystal contacts when the protein is removed 
from the lipid environment. This is illustrated by two of the first 
multidrug transporter X-ray structures obtained (MsbA® and 
EmrE” from E. coli), which, even disregarding software difficulties”, 
appear to be anomalously folded proteins. Thus, once a structure has 
been determined it should not necessarily be assumed to reflect the 
physiological fold. Structure determination in the absence of demon- 
strable biochemical activity should be strenuously avoided. More 
importantly, it is critical that multiple structures are obtained, com- 
pared and tested against independent biochemical and genetic data 
to give a level of reassurance about biological relevance before more 
detailed mechanistic interpretation. 
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Figure 6 | Drug binding by soluble bacterial transcription factors. 

a-—c, Binding of three different drugs by QacR. a, QacR with bound proflavin; 
b, QacR with bound ethidium; c, QacR with both proflavin and ethidium 
bound simultaneously in a tertiary complex. Only the key drug-binding 
residues are shown. Acidic residues involved in neutralization of cationic 
drugs are shown in red. Taken, with permission, from ref. 62. d, Drug 
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As we have seen, multidrug transporters have evolved several 
times, apparently independently, on very different protein back- 
bones. These transporters perform similar functions yet achieve this 
by very different means. Nevertheless, several common principles 
emerge. 

First, multidrug transporters are conventional enzymes that can be 
exemplified by simple kinetic schemes, as first proposed by Mitchell 
nearly 50 years ago’”’. Although this now seems self-evident, the 
unusual properties of multidrug transporters have led to alternative 
speculations as to how drugs cross the membrane, including forma- 
tion of discontinuities in the lipid bilayer and ‘slippery’ protein—lipid 
interfaces. We do not yet have a complete set of structures for any 
transporter at different stages in the transport cycle, but the current 
body of structural and biochemical data, in toto, shows that substrates 
are bound by a defined high-affinity site exposed to one face of the 
membrane. Conformational changes induced by ATP binding/ 
hydrolysis or proton movement down the electrochemical gradient 
convert this site to a low-affinity ‘release’ site exposed to the alterna- 
tive face of the membrane. These conformational changes can be 
within a protein domain (as for MFS and SMR transporters) or 
transmitted between domains (as for ABC and RND transporters). 

Second, substrates cross the bilayer through a pathway formed 
within the core of the transporter, largely shielded from the sur- 
rounding lipid phase. For some multidrug resistance transporters 
the evidence comes directly from structures with bound drug, 
although for others it is based on indirect mutagenesis studies. 
This finding is, perhaps, not surprising, as most multidrug resistance 
transporters are closely related to transporters that transport hydro- 
philic substrates that must clearly be shielded from the lipid phase. 
The pathway is not strictly a channel, as it is not open to both faces of 
the membrane simultaneously but instead alternately during the 
transport cycle. In all transporters the pathway is constructed from 


binding by BmrR. The key residues involved in drug binding are shown in 
ball-and-stick configuration. Left: structure-based model with bound 
rhodamine (purple balls and sticks). The key neutralizing acidic residue, 
Glu 134, is shown. Right: structure with bound TPP™ (in red) together with a 
bound water molecule (Wat 1). Values shown are in angstrom. Dashed lines 
indicate H bonds. Taken, with permission, from ref. 59. 
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multiple a-helices. However, because the TolC pore through which 
drugs cross the bacterial outer membrane is formed by B-sheets—as 
is the drug-binding site of the olfactory receptor—the involvement of 
a-helices may say more about the constraints of building a mem- 
brane transporter than anything profound about the specific require- 
ments for a drug transport pathway per se. 

Third, multidrug transporters extract their substrates from the 
inner leaflet of the bilayer, analogous to phospholipid flippases/ 
floppases, which generate lipid asymmetry in the membrane”. 
AcrB is the exception that proves this rule, accessing drugs from 
the outer leaflet of the bilayer in order to remove them from the 
periplasm. Given this, it is perhaps not unexpected that multidrug 
transporters are related to lipid flippases/floppases. For example, the 
most closely related transporter to P-glycoprotein is the phosphati- 
dylcholine floppase ABCB4 (ref. 71). This does not mean that multi- 
drug transporters are themselves lipid flippases/floppases—just that 
they are mechanistically similar. The acquisition of substrate from a 
specific leaflet of the membrane has a number of potential advan- 
tages. (1) Hydrophobic substrates partition into the bilayer and so are 
at increased concentration compared with the aqueous phase; (2) 
drugs in the membrane diffuse in two- rather than three-dimensions, 
facilitating interactions with the transporter; (3) extraction of sub- 
strate from the membrane ensures that broad-specificity transporters 
do not expel normal cellular constituents that remain in the cyto- 
plasm; and (4) capturing drugs from the inner leaflet, before they 
enter the cytoplasm, is the most effective means of ensuring that they 
do not interact with their cytoplasmic target”’, although for drugs for 
which flip-flopping between leaflets is rate-limiting, extraction from 
the periplasmic leaflet is most efficient. 

The fourth common principle is that structures of soluble drug- 
binding proteins demonstrate that multispecificity is achieved by a 
single, large, flexible hydrophobic pocket in which drug is essentially 
shielded from both lipid and aqueous phase. These pockets can, in 
some cases, accommodate two identical or different drug molecules 
at once. The pockets are lined primarily by hydrophobic/aromatic 
amino acids that bind drugs via van der Waals and stacking interac- 
tions. Polar residues can negate nearby positive charges of weakly 
cationic drugs. Critically, these multispecific drug-binding sites are 
very different from the usual ‘lock-and-key’ mechanisms of enzymes 
with hydrophilic substrates that rely on a perfect spatial alignment 
between ligand and side chains in the binding site to overcome the 
energetic disadvantage of disrupting hydrogen bonds between ligand 
and water. In contrast, simply the removal of hydrophobic drugs 
from the aqueous environment is energetically favourable and the 
multiple, weak interactions between a hydrophobic ligand and 
hydrophobic amino acids are sufficient to generate high affinity. 
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Figure 7 | One or multiple drug-binding sites? A single, large, drug-binding 
site can accommodate drug A (panel 1), drug B (panel 2) or drug C (panel 3). 
It can also bind drugs A and B simultaneously (panel 4), equivalent to two 
pharmacologically distinct sites, but is unable to bind drugs A and C 
simultaneously (panel 5), equivalent to a pharmacologically single site. 
MRPI can bind drug and glutathione separately or as a conjugate”®”’, 
showing that the question of whether there are one or two sites is, to some 
extent, semantic. 
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The limited available structures of multidrug transporters with 
bound substrate (AcrB and EmrE) reveal drug-binding pockets that 
conform to this model. All other multidrug transporters have a sim- 
ilar hydrophobic pocket that appears to be the drug-binding site 
based on mutagenesis data. Although pharmacological and kinetic 
data showing both competitive and non-competitive drug interac- 
tions are consistent with multiple, interacting drug-binding sites, a 
single, large, flexible pocket can equally explain these data and now 
seems the most plausible model for all multidrug transporters 
(Fig. 7). 


The biology of multidrug transporters 


The ability of a cell to protect itself against environmental toxins is an 
essential biological function. Many organisms produce toxins to repel 
ecological competitors, and plants, which cannot run away from pre- 
dators, rely on toxic secondary metabolites to make themselves unap- 
petizing. Many antibiotics are derivatives of natural bacterial or fungal 
products, and many anticancer dugs (for example, Taxol, vinca alka- 
loids) are natural plant products. These molecules intercalate into 
lipid bilayers and are often deleterious to membrane function, altering 
fluidity, curvature or the activity of membrane proteins. To survive 
these natural chemical onslaughts, most organisms have evolved mulkti- 
drug transporters to prevent cytotoxic molecules entering cells and to 
clear membranes of unwanted agents. This is self-evidently essential for 
Streptomyces strains that must protect antibiotic-producing cells from 
the very molecules they themselves synthesize. In mammals, the normal 
cellular function of P-glycoprotein is also protective, illustrated by the 
madr (also known as Abcb1b) (P-glycoprotein) knockout mouse, which 
has no overt phenotype except altered drug pharmacokinetics and 
sensitivity to neurotoxins that are otherwise prevented from crossing 
the blood-brain barrier’. 

On the other hand, a plethora of proteins have been designated as 
multidrug transporters on the basis of sequence homologies, often 
with little or no biological evidence. In many cases this is likely to be a 
misnomer. Indeed, several proteins that transport and/or confer res- 
istance to drugs when overexpressed have rather specific physio- 
logical roles when expressed at physiological levels. For example, 
MRP2 (ABCC2) can confer drug resistance when overexpressed yet 
is actually a leukotriene C, transporter’’. The Blt ‘multidrug trans- 
porter’ of Bacillus subtilis confers drug resistance when overex- 
pressed, yet its expression is normally co-induced with enzymes 
involved in spermidine/spermine metabolism and it is actually a 
spermidine transporter”™*. Overexpression of MdfA confers resistance 
of E. coli to many antibiotics, yet deletion of the mdfA gene barely 
alters cellular resistance. Instead, the real physiological role of MdfA 
turns out to be as a Na’ (K*)/H* antiporter, which enables cells to 
maintain a constant intracellular pH under alkaline conditions”. 

It is now clear why drug resistance in nature most frequently 
involves multispecific membrane transporters. Resistance to a single 
drug can be achieved by mutation of its target. This is difficult to 
achieve without adversely altering the function of the target itself, and 
could not confer resistance to drugs with different targets. Similarly, 
enzymes designed to degrade a specific drug cannot metabolize unre- 
lated molecules—57 cytochrome P450 genes are necessary for mam- 
mals to metabolize multiple cytotoxic drugs. Given the multiplicity 
of natural cytotoxic entities with different targets, the simplest means 
to achieve resistance is to take advantage of a common property of 
these molecules: the need to cross the cell membrane. Most natural 
toxins, like synthetic drugs, are small, planar, lipophilic molecules 
precisely because they have to cross the lipid bilayer to exert their 
toxic effects (with the rare exception of those that gain entry to the 
cell by ‘piggy-backing’ on a specific transporter or have an extracel- 
lular target). It turns out, as we have seen, that the evolution of a 
broad-specificity transporter for chemical entities with the charac- 
teristics required to cross the cell membrane is rather straightfor- 
ward. This is the strategy adopted across the natural kingdom, and 
it is these natural resistance mechanisms that are frequently brought 
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into play when we try to interfere with nature by developing and 
using cytotoxic drugs. 


Clinical implications 

Over the past 20 years two general approaches have been adopted, 
relatively unsuccessfully, to overcoming drug resistance in the clinic. 
As discussed above, it is no coincidence that most clinically useful 
drugs are substrates for multidrug transporters. Given what we now 
know, what are the prospects of circumventing multidrug resistance 
in the clinic? Depending on perspective, views may either be ‘glass- 
half-full’ or ‘glass-half-empty’. 

First, there have been considerable efforts to modify drugs and 
antibiotics chemically so that they are no longer substrates for multi- 
drug transporters. In the absence of structural data on the nature of 
multidrug-binding sites this has been undertaken ‘blind’ and has 
proved unsatisfying. Unlike conventional enzyme-substrate-binding 
sites, small changes in a drug rarely result in a substantial reduction in 
its affinity for transport. We now understand that this is because 
drug-binding sites are large and flexible and because the precise 
alignment of the ligand with respect to amino acids on the binding 
pocket is not required for high-affinity binding. Any modification to 
a drug that substantially reduces its affinity for a transporter also 
tends to reduce its “druggability—its ability to cross the cell mem- 
brane and bind to its target. It has, perhaps naively, been assumed 
that understanding the structure of multidrug-binding sites on trans- 
porters would enable drugs to be modified, rationally, to circumvent 
resistance. Instead, the current picture suggests that the very nature of 
drug-binding sites on transporters makes this a difficult proposi- 
tion—certainly far more difficult than modifying hydrophilic ligands 
of cytosolic enzymes. 

The second approach to overcoming multidrug resistance—the 
development of specific inhibitors of transporters—has also proved 
unsatisfactory’. There is frequently more than one multidrug trans- 
porter that can confer resistance to a specific drug or antibiotic, and 
so more than one inhibitor may be required. By trial and error, rather 
than rational design, several high-affinity and relatively specific inhi- 
bitors of human P-glycoprotein have been developed. These work 
well in the laboratory setting. However, they have proved difficult to 
assess in the clinic because of side-effects caused by inhibiting 
P-glycoprotein’s normal physiological function in healthy tissues, 
altering the pharmacokinetics of the co-administered cytotoxic drug 
and enabling it to cross the blood-brain barrier. 

Perhaps most worrying is the relative ease with which multidrug 
transporters can arise to confound our efforts at therapy. Most bac- 
terial and mammalian cells have multidrug transporters to protect 
themselves against natural cytotoxic and membrane-disruptive com- 
pounds. It seems that selection for overexpression, or heterologous 
expression in different cell or tissue types, is relatively straightforward 
in response to a therapeutic or antimicrobial drug. Because of the 
nature of drug-binding sites, new multidrug transporters can evolve 
relatively easily from substrate-specific transporters by mutation. 
Indeed, some substrate-specific transporters can handle a variety of 
drugs without mutation, conferring multidrug resistance simply 
upon overexpression. Finally, cytotoxic drugs themselves upregulate 
multidrug transporters both in bacteria and in mammalian cells, 
often as part of a more general stress response. 


Concluding remarks 

Recent rapid advances in our understanding of multidrug transpor- 
ters have not yet provided solutions to pressing clinical problems. 
These advances have, however, shown us why apparently straightfor- 
ward approaches to overcoming multidrug resistance have been less 
effective than might otherwise have been expected. Increased under- 
standing will inevitably enhance the chances of clever and effective 
solutions. In the meantime, profligate use of antibiotics has, unques- 
tionably, led to the spread of antibiotic resistance. Similarly, chemo- 
therapeutic drugs induce expression of drug resistance pathways. 
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Should we perhaps stop assuming we can beat multidrug resistance 
and instead implement strategies to avoid it? 
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Genome-wide analysis of genetic 
alterations in acute lymphoblastic 
leukaemia 


Charles G. Mullighan’*, Salil Goorha’*, Ina Radtke’, Christopher B. Miller’, Elaine Coustan-Smith*, James D. Dalton’, 
Kevin Girtman’, Susan Mathew't, Jing Ma’, Stanley B. Pounds’, Xiaoping Su’, Ching-Hon Pui’, Mary V. Relling’*, 
William E. Evans‘, Sheila A. Shurtleff! & James R. Downing’ 


Chromosomal aberrations are a hallmark of acute lymphoblastic leukaemia (ALL) but alone fail to induce leukaemia. To 

identify cooperating oncogenic lesions, we performed a genome-wide analysis of leukaemic cells from 242 paediatric ALL 
patients using high-resolution, single-nucleotide polymorphism arrays and genomic DNA sequencing. Our analyses revealed 
deletion, amplification, point mutation and structural rearrangement in genes encoding principal regulators of B lymphocyte 
development and differentiation in 40% of B-progenitor ALL cases. The PAX5 gene was the most frequent target of somatic 
mutation, being altered in 31.7% of cases. The identified PAX5 mutations resulted in reduced levels of PAX5 protein or the 
generation of hypomorphic alleles. Deletions were also detected in TCF3 (also known as E2A), EBF1, LEF1, IKZF1 (IKAROS) and 


IKZF3 (AIOLOS). These findings suggest that direct disruption of pathways controlling B-cell development and 
differentiation contributes to B-progenitor ALL pathogenesis. Moreover, these data demonstrate the power of 
high-resolution, genome-wide approaches to identify new molecular lesions in cancer. 


Paediatric acute lymphoblastic leukaemia (ALL) comprises gene- 
tically distinct subtypes including B-progenitor leukaemias with 
translocations t(9;22)[BCR-ABL1], t(1;19)|TCF3—PBX1], t(12;21) 
[ETV6—RUNX1], rearrangements of MLL, hyperdiploid and hypo- 
diploid karyotypes, and T-lineage leukaemia (T-ALL). These genetic 
lesions are important in leukaemia initiation’, but alone are insuf- 
ficient to generate a full leukaemic phenotype, indicating that coop- 
erating oncogenic lesions are required. Although additional mutations 
have been identified in a subset of cases, the full complement of coop- 
erating lesions and their distribution within the known genetic sub- 
types of ALL remain to be defined. 

To obtain a comprehensive registry of genetic lesions in ALL, we 
examined DNA from the leukaemic cells (blasts) of 242 cases of pae- 
diatric ALL (Supplementary Table 1) using Affymetrix single nucleo- 
tide polymorphism (SNP) arrays that interrogate over 350,000 loci 
and permit identification of copy number changes at an average reso- 
lution of less than 5 kilobases (kb). In addition, paired copy number 
and loss of heterozygosity (LOH) analysis was performed for 228 ALL 
cases with matched remission samples (Supplementary Fig. 16 and 
Supplementary Table 15). Our analyses identified a mean of 6.46 
somatic copy number alterations per case, with deletions outnumber- 
ing amplifications almost 2:1 (Table 1 and Supplementary Fig. 4). The 
frequency of genomic deletions and amplifications varied signifi- 
cantly between ALL subtypes (Table 1 and Supplementary Table 9). 
Genomic gains were frequent in B-progenitor ALLs with high hyper- 
diploidy, but were rare in other B-progenitor ALL subtypes. In con- 
trast, deletions were more frequent, ranging from six deletions per case 
in some genetic subtypes (ETV6—RUNX1 and hypodiploid ALL) to 
only a single deletion per case in MLL-rearranged ALL. 


Fifty-four recurrent somatic regions of deletion were identified, 
with the minimal deleted regions typically measuring less than 1 
megabase (Mb) in size, and twenty-four of the deletions containing 
only a single gene (Supplementary Table 10). None were present in 
the germline samples. Although technical aspects of the methodo- 
logy used might theoretically lead to false-positive or false-negative 
results, fluorescence in situ hybridization (FISH) and/or quantitative 
polymerase chain reaction (qPCR) confirmatory studies (described 
below) validated each of the examined lesions. The recurring deletions 
included 3p14.2 (FHIT)’, 6q16.2-3 (including CCNC)’, 9p21.3 (two 
regions involving CDKN2A (ref. 4) and MLLT3), 12p13.2 (ETV6)’, 
11q23 (including ATM)°, 13q14.2 (RB1)’ and 13q14.2-3 (including 
mir-16-1 and mir-15a)*. In addition, deletions of other tumour- 
associated genes not previously implicated in ALL were identified 
including LEF1, BTG1 and ERG. The most notable observation, how- 
ever, was the identification of genomic alterations in genes that regu- 
late B-lymphocyte differentiation in 40% of B-progenitor ALL cases. 


Focal deletions of EBF7 in B-progenitor ALL 

Eight B-progenitor ALL cases harboured mono-allelic deletions of 
EBFI (early B-cell factor), with deletions limited to this gene in six 
cases (Fig. la, b, Supplementary Figs 5-7 and Supplementary Table 
11). EBF1 is required for the development of B cells, and with TCF3 
regulates the expression of B-lineage-specific genes. Mice null for 
Ebf1 arrest B-cell development at the pro-B-cell stage, whereas 
Ebf1*’~ mice have a 50% reduction in the number of mature B cells 
but a normal number of pro-B cells’. These observations suggest that 
EBF1 haploinsufficiency may contribute to leukaemogenesis. In sup- 
port of this interpretation, FISH analysis of one case revealed two 
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Table 1| Frequency of genomic amplifications and deletions in paediatric ALL 
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Group Subtype N Amplifications Deletions All lesions 
(mean = s.d.)* (mean = s.d.)* (mean = s.d.)* 

B-ALL Hyperdiploidy with >50 39 9.56 + 3.59 (5-20) 1.59 + 2.49 (0-11) 11.13 + 5.0 (5-27) 
chromosomes 

B-ALL TCF3-PBX1 7 1.59 + 0.62 (1-3) 2.12 + 1.17 (1-4) 3.7 + 1.53 (2-7) 

B-ALL ETV6-RUNX1 47 0.89 + 1.51 (0-8) 6.0 + 4.63 (1-21) 6.68 + 4.8 (0-21) 

B-ALL MLL rearranged 1 0.09 + 0.3 (0-1) 0.91 + 1.81 (0-6) + 1.79 (0-6) 

B-ALL BCR-ABL1 9 4+5.3 (0-12) 4.2 +415 (0-12) 6.8 + 4.52 (0-13) 

B-ALL Hyperdiploidy with 47-50 23 1.70 + 1.55 (0-7) 3.5 + 3.12 (0-12) 5.1 + 4.31 (0-15) 
chromosomes 

B-ALL Hypodiploid 0 1.14 1.91 (0-6) 6.0 + 4.42 (3-18) 7.14 6.12 (3-24) 

B-ALL Other 36 1.06 + 3.21 (0-19) 4.64 + 5.14 (0-20) 5.58 + 6.57 (0-23) 

B-ALL Total 192 2.97 + 4.28 (0-20) 3.83 + 4.2 (0-21) 6.63 + 5.56 (0-27) 

T-ALL 50 0.9 + 1.98 (0-9) 4.9 + 6.21 (0-30) 5.8 + 7.12 (0-39) 

All cases 242 2.54 + 4.0 (0-20) 4.06 + 4.69 (0-38) 6.46 + 5.90 (0-39) 

Lesions exclude inherited copy number variations*®, as well as focal deletions arising from antigen receptor gene rearrangements at 2p11.2 (IGK@), 7p14.1 (TRG@), 7434 (TRB@), 14q11.2 (TRAV, 

TRDV, TRDJ, TRDC and TRAJ), 14q32.33 (IGHV@) and 22q11.22 (IGL@). Homozygous deletions are scored as two lesions. There is significant variation in the mean number of amplifications (analysis 


of variance, P< 0.0001), deletions (P < 0.0001) and all lesions (P< 0.0001) between B-progenitor ALL subtypes. Amplifications are more common in B-progenitor ALL than T-ALL (t-test, 
P =0.001). Post-hoc pairwise comparisons of lesion frequency between B-progenitor ALL subtypes are shown in Supplementary Table 9. 


* Range is shown in parentheses. 


populations of blasts, one with mono-allelic and the other with bi- 
allelic EBF1 deletions (Fig. 1c). Flow cytometric analysis of this 
case demonstrated two distinct blast populations: an immature 
pro-B-cell-like CD10°"CD22%™ population and a more mature 
CD10°""'Cp22°"8"" population (Fig. 1d). These populations sig- 
nificantly differed in their expression of CD79A (also called MB-1), 
a transcriptional target of EBF1 (Fig. le). Notably, FISH analysis on 
sorted blasts revealed homozygous deletion of EBF1 in the immature 
CD10“ fraction and hemizygous EBF1 deletions in the more 
mature CD10""£"' fraction (Fig. 1f and Supplementary Table 11). 
Thus, these data suggest that deletion of EBF1 in these cases may 
contribute to the block in differentiation that is a hallmark of ALL. 
In cases of ALL with mono-allelic deletion of EBFI, expression of 
the wild-type EBFI allele was detected by RT-PCR, consistent with 


16 11 


109 87 6 


haploinsufficiency (Supplementary Fig. 8). Moreover, no evidence of 
promoter methylation or point mutations of EBF1 was detected 
(Supplementary Fig. 10)’°. 


Frequent mono-allelic deletions of PAX5 

We next examined the cohort for abnormalities in other genes within 
the B-cell development pathway (see Supplementary Table 12 and 
Supplementary Fig. 11). We identified copy number changes in PAX5 
in 57 out of 192 (29.7%) B-progenitor ALL cases (mono-allelic loss in 
53, bi-allelic loss in 3, and an internal amplification in 1; Fig. 2 and 
Supplementary Figs 12-14). PAXS is essential for B-lineage commit- 
ment and maintenance"’ and acts downstream of TCF3 and EBF1 to 
activate expression of B-lineage-specific genes such as CD19, CD79A, 
BLNK and CD72, and to repress expression of alternative lineage 
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Figure 1| EBF1 deletions in B-progenitor ALL. a, EBFI exons are indicated 
by vertical lines. The extent of EBF1 deletion in each case is shown by a 
horizontal line, with large deletions denoted by arrowed lines. Asterisk 
indicates case BCR-ABL-SNP#5 examined by FISH as shown in c. b, Copy 
number ‘heat map’ showing EBF1 deletion in eight B-progenitor ALL cases. 
H, hypodiploid; O, other; Ph, BCR-ABL1 positive. c, EBF1 FISH analysis of 
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case BCR-ABL-SNP#5 identifies two distinct blast populations, with either 
mono-allelic or bi-allelic EBF1 deletion; the EBF1 probe is red and the 
control probe is green. d, Two distinct blast populations differ in surface 
expression of CD22 and CD10. e, Correlation of blast CD79A and CD10 
expression. f, FISH analysis of cells sorted by CD10 expression. 
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genes'”’’. Four patterns of PAX5 deletion were identified (Fig. 2b): 
(1) focal deletions involving only PAX5 (25 cases); (2) broader dele- 
tions involving PAX5 and a variable number of flanking genes (7 
cases); (3) large 9p deletions involving the 3’ portion of PAX5 (5 
cases); and (4) deletion of all of chromosome 9 or 9p (19 cases). 
The PAX5 deletions and amplification were confirmed by FISH 
and/or genomic qPCR (Supplementary Fig. 15 and Supplementary 
Tables 13, 14). FISH demonstrated that, with rare exception, the 
PAX5 deletions were present in a dominant leukaemic clone, con- 
sistent with a role in leukaemogenesis. 

Out of 25 B-progenitor ALLs with deletions confined to PAX5, 23 
had deletions involving only a subset of PAX5 exons, resulting in the 
expression of internally deleted transcripts (Supplementary Figs 17, 18 
and Supplementary Table 16). In nine cases, in-frame splicing across 
the deletions would be predicted to encode an internally deleted PAX5 
protein that lacks the DNA-binding domain and/or transcriptional 
regulatory domains. Western blot analysis in cases with sufficient 
material revealed expression of the predicted size mutant PAX5 pro- 
tein (Fig. 2d, e and data not shown). The other transcripts are pre- 
dicted to encode prematurely truncated proteins lacking key PAX5 
functional domains. The focal amplification of PAX5 exons 2-5 in 
case Hypodip-SNP-#7 is predicted to abolish expression of normal 
PAX5 from the amplified allele. Thus, of the 57 cases with PAX5 copy 
number changes, most lack expression of PAX5 from the altered allele 
(27 cases), produce proteins that lack the DNA-binding domain (22 
cases) or transcriptional regulatory domain (7 cases), or have a bi- 
allelic promoter mutation (one case), suggesting that these genetic 
alterations primarily result in loss of function. 
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Flow cytometry performed on leukaemic blasts in 17 cases demon- 
strated an approximately twofold reduction in the level of wild-type 
PAX5 protein in cases with mono-allelic deletions, indicative of 
haploinsufficiency (Supplementary Figs 19-21). Consistent with this 
interpretation, PAX5 messenger RNA levels were quantified in 46 
B-progenitor ALL cases (26 wild type; 20 mutated), and were found 
to be reduced in cases with PAX5 deletions (Supplementary Fig. 22). 
A small number of PAX5 wild-type cases also had low PAX5 mRNA 
levels, raising the possibility of epigenetic PAX5 silencing in these 
cases. 


Cryptic translocations and point mutations of PAX5 


Five B-progenitor ALL cases had large 9p deletions extending into the 
3’ portion of PAX5. Two had rearrangements of chromosomes 9 and 
12, either as a dicentric (9512) or a t(9;12), and were shown by FISH 
and RT-PCR analyses to harbour the previously described PAX5-— 
ETV6 fusion'*’> (Fig. 3a, b and Supplementary Figs 23a and 24). 
Rapid amplification of complementary DNA ends identified novel 
PAX5 chimaeric transcripts in two of the remaining three cases: 
fusion of PAX5 exon 6 to exon 7 of the forkhead box P1 gene 
(FOXP1), and fusion of PAX5 exon 7 to exon 4 of the zinc finger 
protein 521 gene (ZNF521, the human homologue of murine Zfp521 
(also called Evi3)) (Fig. 3a). These were confirmed by FISH (Fig. 3c, 
d), RT-PCR (Supplementary Fig. 24) and sequencing analyses (Sup- 
plementary Fig. 23b, c). The PAX5—ETVé6 fusion was also detected as 
a 65-kDa protein in both cases containing this rearrangement 
(Fig. 2e); primary patient material was not available for western blot 
analysis of the PAX5-FOXP1 and PAX5—ZNF521 cases. A further 50 
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Figure 2 | PAX5 deletions in ALL. a, PAX5 exons and domains. H, 
homeodomain-like; I, transactivation, inhibitory; O, octapeptide; PD, paired 
domain; TD-A, transactivation, activating. b, Extent of PAX5 deletions: 
hemizygous, solid lines; homozygous, dashed lines; amplification, red line. 
Deletions that stretch beyond the region shown are arrowed. The asterisk 
shows a deletion confined to PAX5. ¢, PAX5 copy number heat map for 20 
ALL cases and corresponding germline samples. PAX5 exon-specific copy 
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number as defined by quantitative genomic PCR is also shown. Amp, 
amplified; CN, copy number; H, homozygous; N, normal (remission 
sample); Ph, BCR-ABL1; T, T-ALL; T-P, TCF3—PBX1; H47-50, 
hyperdiploidy with 47-50 chromosomes. d, e, Schematic of PAX5 mutations 
and western blot of primary leukaemic blasts. Mutant PAX5 proteins are 
indicated by arrows, and size in kDa is shown. FS, frameshift; WT, wild type. 
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cases were screened by RT-PCR for the three translocations and no 
additional cases were identified. 

Each of these PAX5 chimaeric genes encodes a protein that fuses 
the DNA-binding paired domain of PAX5 to the DNA-binding and 
transcriptional regulatory domains of the partner proteins (Fig. 3a). 
Thus, the fusion proteins are predicted to retain the ability to bind to 
PAXS transcriptional targets, but would no longer provide normal 
transcriptional regulatory functions. The fusion proteins may also 
influence the expression of genes normally regulated by the partner 
protein, each of which has been implicated in B-cell development or 
haematopoietic malignancies'*”°. 

Sequencing of PAX5 identified point mutations in 14 cases that 
clustered in exons encoding the DNA-binding or transcriptional 
regulatory domains (Fig. 3e, Supplementary Fig. 25 and Supplemen- 
tary Tables 17-19). In 13 cases with available germline DNA, the 
mutations were shown to be somatically acquired. Moreover, a 
quantitative analysis suggested that the mutations were present in 
all blasts in 12 out of 14 cases, and in a major subclone in the remain- 
ing two cases (Supplementary Table 18). The point mutations were 
hemizygous except in one case, where a homozygous splice-site 
mutation (IVS9+1) of PAX5 was detected within an extensive region 
of 9p LOH that included a homozygous deletion of CDKN2A (Sup- 
plementary Fig. 16f and Supplementary Table 15). 

Nine PAX5 point mutations were identified within exons encoding 
the paired DNA-binding domain: V26G, P34Q, P80R and a complex 
insertion/deletion that replaces the amino acid sequence NDTVP at 
codons 126-130 with RA (Fig. 3e). Modelling studies using the PAX5 
crystal structure’! suggest that each point mutation should impair 
DNA binding (Supplementary Fig. 26). Other point mutations con- 
sist of frameshift, splice site, or missense mutations that affect the 
transactivation domain, and a single case with an exon 1B frame- 
shift mutation that results in a prematurely truncated ten-residue 
polypeptide (Fig. 3e and Supplementary Table 17). Collectively, the 
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identified PAX5 point mutations are predicted to result in lost or 
altered DNA-binding or transcriptional regulatory function. 

We also assessed whether methylation-induced silencing of PAX5 
occurs in B-progenitor ALL using mass spectrometry'®. These data 
revealed high-level PAX5 promoter methylation in T-ALL, but min- 
imal methylation in B-progenitor ALL, irrespective of PAX5 muta- 
tional status (Supplementary Figs 9, 10 and 27). Thus, epigenetic 
silencing owing to high-level methylation does not seem to be a 
prominent mechanism of PAX5 silencing in B-progenitor ALL. 


Functional consequences of PAX5 mutations 

To assess the DNA-binding and transcriptional activity of a subset of 
the identified PAX5 mutants, luciferase-based reporter assays were 
performed using the PAX5-dependent reporter plasmid, Iuc-CD19 
(ref. 22). Each of the mutant PAX5 proteins tested displayed signifi- 
cantly reduced transcriptional activation compared to wild-type 
PAXS (Fig. 4a, b and Supplementary Fig. 28). Moreover, transfection 
of increasing amounts of PAX5-ETV6 or PAX5—FOXP1 together 
with a fixed amount of wild-type PAX5 demonstrated that the fusion 
proteins competitively inhibit the transcriptional activation of wild- 
type PAX5 (Supplementary Fig. 29 and Supplementary Table 20). 
Analysis of DNA-binding activity revealed a marked reduction in 
binding activity for PAX5 variants with paired domain mutations 
or deletions (Supplementary Fig. 30 and data not shown). 

We next examined the effect of PAX5 mutations on transcriptional 
activation of the PAX5 target Cd79a (also called mb-1 or Ig-x) in the 
murine plasmacytoma cell line 558LuM”’. This cell line expresses 
three of the four components of the surface IgM (sIgM) receptor 
complex (1 heavy chain, A light chain and Ig-B), but not Cd79a or 
Pax5, and consequently does not express sIgM. After transduction 
with PAX5-expressing retrovirus, Cd79a, and thus sIgM, are ex- 
pressed, and quantification of sIgM serves as a sensitive measure 
of the Cd79a trans-activating activity of PAXS5 (ref. 23). This assay 
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Figure 3 | PAX5 translocations in B-progenitor ALL. a, Schematic of PAX5 
translocation-encoded fusion proteins. Breakpoints are indicated by 
downward pointing arrows. BRE, BMP2 response element domain; C and 
CC, coiled-coil domain; EBF, EBF-interaction domain; ETS, Ets domain; FH, 
forkhead domain; H, homeodomain-like; HLH, helix-loop-helix; O, 
octapeptide domain; PD, paired domain; SMAD, SMAD-interacting 


domain; Zn, zinc finger domain. b—d, Interphase FISH analysis for 
PAX5-ETV6 (b), PAX5—FOXP1 (c) and PAX5—ZNF521 (d). The PAX5- 
specific probe is red, and the partner genes green; arrows denote the fusions. 
e, Location of missense (downward pointing arrowheads), insertion/ 
deletion (filled circles), frameshift (filled diamonds) and splice-site 
(right-pointing arrowhead) PAX5 mutations. 
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confirmed the reduced transcriptional activity of the PAX5 mutants 
(Fig. 4c, d and Supplementary Fig. 31). Co-transduction with wild- 
type and mutant PAX5-expressing retroviruses showed that wild- 
type PAX5 restored sIgM expression in the presence of the P34Q, 
P80R or A6-8 PAX5 variants, but the restoration was incomplete in 
the presence of PAX5—ETV6 (Fig. 4e and Supplementary Fig. 32). 
This suggests that the PAX5 DNA-binding and internal deletion 
mutants act as hypomorphic alleles with weak competitive activity, 
whereas PAX5—-ETV6 acts as a stronger competitive inhibitor of wild- 
type PAX5. 

Because the PAX5 mutations are predicted to reduce or inhibit 
normal PAX5 functional activity, we next examined expression of 
PAXS target genes in leukaemic blasts. We did not observe a correla- 
tion between PAX5 mutation status and expression of the PAX5 tar- 
gets CD19 and CD79A"**. However, using Affymetrix HG-U133A 
gene expression profiling data’’, we identified a 42-gene expression 
signature for PAX5-mutated ETV6—RUNX1 B-progenitor ALL cases 
that included both upregulated (PAX5 repressed) and downregulated 
(PAX5 stimulated) genes (Supplementary Table 21 and Supplemen- 
tary Fig. 33a). PAX5-stimulated genes included the known PAX5 
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Figure 4 | Impaired function of PAX5 mutants. a, Structure of PAX5 
variants. Indel, insertion/deletion. b, Transcriptional activity of PAX5 
variants using the Juc-CD19 reporter. Bars show mean (+s.e.m.) 

luciferase activity of triplicate experiments normalized to luciferase activity 
of wild-type (WT) PAX5. Double asterisk, analysis of variance with 
Dunnett’s test, P< 0.01 compared with wild-type PAX5. MIR, MSCV-IRES- 
mRFP retrovirus not expressing PAX5. c, Representative flow plots of 
558LuM cells transduced with PAX5-expressing retrovirus, showing reduced 
sIlgM expression of PAX5 mutants compared with wild-type PAXS5. 
Percentages indicate proportion of mRFP* cells that are slgM*. mRFP, 
expression of monomeric red fluorescent protein. d, Mean (+s.e.m.) 
558LuM sIgM expression of triplicate experiments, normalized to slgM 
expression of wild-type PAX5-transduced 558LuM cells. e, Impaired 

sIgM expression is corrected after co-infection with wild-type PAX5 
retrovirus (WT) for the PAX5 deletion and point mutants, but not 
PAX5-ETV6. Data show mean +s.e.m. 
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target CD72 (ref. 13) as well as genes with known roles in oncogenesis 
(for example, DAPK1 (ref. 26), TACCI (ref. 27)). We then performed 
cross-subtype gene-set enrichment analysis™* to test for enrichment 
of these putative PAX5-regulated genes in non-ETV6—RUNX1 B- 
progenitor ALL cases. This analysis demonstrated highly significant 
enrichment of the PAX5-stimulated genes in PAX5 wild-type B- 
progenitor ALL cases that lacked recurrent cytogenetic abnormalities, 
and in PAX5 wild-type cases from the entire non-ETV6-RUNX1 
B-progenitor ALL cohort (Supplementary Fig. 33b, c). This suggests 
that the identified PAX5 mutations have a major effect on the intra- 
cellular transcriptional network within primary leukaemic cells. 


Pattern of B-cell-development gene mutations in ALL 


Deletions involving additional genes encoding regulators of B-cell 
development were identified, including IKZF1 (17 B-progenitor ALL 
cases), IKZF3 (3 cases), LEFI1 (3 cases) TCF3 (1 case) and BLNK (2 
cases; Supplementary Tables 22-24). Genomic sequencing of IKZF1 
was performed in all cases and no mutations were identified. 

Of note, there were marked differences in the frequency and type of 
mutations among genetic subtypes of ALL (Supplementary Table 22— 
24). Specifically, all ten hypodiploid cases had one null PAX5 allele, 
and six of these also had either a point mutation (five cases) or 
translocation (PAX5—ZNF521, one case) involving the other PAX5 
allele. Five of the ten hypodiploid cases also contained deletions in 
other B-cell-development genes, with up to three different genes 
being mutated within a single case. In contrast, 28% of the ETV6— 
RUNX1 cases contained focal mono-allelic PAX5 deletions but lacked 
evidence of mutations in the retained PAX5 allele. Three of these 
cases also had deletions of a single allele of EBF1, and another two 
cases had deletions of only EBF1. At the other end of the spectrum, 
mutations in B-cell-development genes were uncommon in hyper- 
diploid B-progenitor ALL cases (13% of cases). 


Discussion 


Understanding the molecular pathogenesis of cancer requires a 
detailed cataloguing of all genetic lesions within a cancer cell. The 
data presented in this paper provide a rational ‘road map’ for 
approaching such a task. We have shown that genomic copy number 
analysis using high-density SNP arrays can pinpoint altered genes 
and pathways for further analysis. This approach led to the unex- 
pected finding of mutations in genes encoding regulators of B-cell 
development and differentiation in 40% of B-progenitor ALL cases. 
The identified genetic alterations are specific, pathogenic and soma- 
tically acquired. In addition, most EBF1 and PAX5 deletions affect 
only these genes, thus conclusively identifying them as the target of 
the deletions. Moreover, the average number of deletions within an 
individual B-progenitor ALL case was 3.83, and focal amplifications 
were uncommon, indicating that global genomic instability is not 
an underlying mechanism. Finally, although somatic point muta- 
tions were identified in PAX5, sequencing of EBFI and IKZFI failed 
to reveal any evidence of mutations, ruling out a high mutational 
rate. 

The most common targets of these genetic alterations (EBF1, 
PAX5 and IKZF1) have central roles in the development of normal 
B cells'*. In mice, the complete absence of Ebf1 or Pax5 results in the 
arrest of B-cell development at the early pro-B- or pro-B-cell stage”"', 
and loss of Ikzf1 leads to an arrest at an even earlier stage of ipmiphold 
development”. Moreover, haploinsufficiency of Ebfl leads to a par- 
tial block in B-cell development’, a phenotype that is further accen- 
tuated in mice haploinsufficient for both Ebfl and E2a (also called 
Tcfe2a)*°. Furthermore, loss of Ikzfl through the expression of a 
dominant-negative Ikzfl isoform predisposes mice to the develop- 
ment of T-lineage malignancies”’. 

The overall consequence of the identified lesions is to reduce the 
level of the specific transcription factor either as a result of mono- 
allelic deletion or the generation of altered forms of the specific 
protein. Whether some mutations result in dominant-negative forms 
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of PAXS, or alternatively alter transcriptional activity in a promoter 
specific-manner, requires further investigation. It is important to 
note that during the normal development of B cells, PAX5 is sub- 
jected to allele-specific regulation, with only a single PAX5 allele 
transcribed during the earliest phase of B-cell commitment and 
then a switch to bi-allelic expression as B cells begin to differentiate”. 
The loss of a wild-type PAX5 allele from the identified mutations 
would eliminate the ability to turn on normal bi-allelic transcription, 
which may directly contribute to the differentiation arrest seen in 
ALL. 

Members of the PAX family of transcription factors, including 
PAX3, PAX7 and PAX8, have previously been identified as targets 
of tumour-associated translocations” that result in the overexpres- 
sion of PAX fusion proteins. Furthermore, overexpression of wild- 
type PAX5 occurs as a result of its rearrangement into the IGH 
locus in non-Hodgkin’s lymphoma™. In contrast to overexpression, 
however, our results implicate subtle changes in the dosage of 
PAXS5 and other key regulators of B-cell development in the patho- 
genesis of ALL. Although heterozygous alterations of PAX5 may have 
only subtle effects on their own, these effects probably contribute 
directly to leukaemogenesis in combination with other oncogenic 
lesions. 

The identified high frequency of alterations of B-cell-development 
genes in paediatric B-progenitor ALL represents a lower limit of the 
true frequency. Direct copy number analysis of those genes with low- 
density SNP coverage along with full sequence analysis of all genes 
involved in controlling B-cell development and differentiation will be 
required to define the overall frequency. Nevertheless, our results de- 
monstrate an unexpectedly high frequency of alterations with distinct 
patterns of mutation among the various genetic subtypes of paediatric 
ALL. Experiments to assess directly the effect of co-expressing PAX5 
mutants and fusion proteins such as ETV6—RUNX1 in murine models 
should provide valuable insights into the ability of these lesions to 
collaborate in leukaemogenesis. Moreover, attempts to determine 
whether small-molecule inducers of differentiation can by-pass the 
block resulting from the identified lesions, and whether these molecules, 
in turn, would trigger a leukaemia-cell-specific apoptotic response, 
could lead to new therapeutic approaches for paediatric B-progenitor 
ALL. 


METHODS 


Two-hundred-and-forty-two B- and T-lineage paediatric ALL cases treated at St 
Jude Children’s Research Hospital (SJCRH) were studied (Supplementary Table 
1). DNA extracted from leukaemic blasts and remission marrow or blood sam- 
ples was genotyped with Affymetrix GeneChip Human Mapping 50K Hind 240, 
50K Xba 240 and 250K Sty arrays (Affymetrix). DNA copy number and paired 
LOH analyses were performed using dChipSNP”* and circular binary segmenta- 
tion’’. To improve the accuracy of copy number inference by both algorithms, 
we developed a normalization procedure that uses SNPs exclusively from regions 
shown to be diploid in the leukaemic blasts by routine cytogenetics (Supplemen- 
tary Fig. 2). Bioinformatic and biostatistical analyses, FISH assays, flow cytome- 
try and cell sorting, genomic sequencing and methylation analysis of EBF, PAX5 
and IKZF1, qPCR, PAXS5 variant and fusion cloning, luciferase reporter and gel- 
shift assays, 558LuM assays, western blotting, and cross-subtype gene-set enrich- 
ment analyses are detailed in the Supplementary Methods. 
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Mediators of vascular remodelling co-opted 
for sequential steps in lung metastasis 


Gaorav P. Gupta’*, Don X. Nguyen’*, Anne C. Chiang’, Paula D. Bos’, Juliet Y. Kim’, Cristina Nadal't, 
Roger R. Gomis'+, Katia Manova-Todorova’ & Joan Massagué’”* 


Metastasis entails numerous biological functions that collectively enable cancerous cells from a primary site to disseminate 
and overtake distant organs. Using genetic and pharmacological approaches, we show that the epidermal growth factor 
receptor ligand epiregulin, the cyclooxygenase COX2, and the matrix metalloproteinases 1 and 2, when expressed in human 
breast cancer cells, collectively facilitate the assembly of new tumour blood vessels, the release of tumour cells into the 
circulation, and the breaching of lung capillaries by circulating tumour cells to seed pulmonary metastasis. These findings 
reveal how aggressive primary tumorigenic functions can be mechanistically coupled to greater lung metastatic potential, 


and how such biological activities may be therapeutically targeted with specific drug combinations. 


The emergence of disseminated metastases remains the primary 
cause of mortality in cancer patients’°. Recent searches for genetic 
determinants of metastasis have led to the identification of gene sets, 
or ‘signatures’, for which the expression in primary tumours is assoc- 
iated with high risk of metastasis and poor disease survival*””. It has 
been proposed that the expression of such genes in primary tumours 
might directly predispose cancer cells for growth in distant organs", 
raising questions about the distinction between tumorigenic genes 
and genes that mediate metastasis. A contrasting, long-held view is 
that metastasis arises from rare tumour cell clones, the genetic make- 
up of which endows them with a unique selective advantage in distant 
organ microenvironments’. Breast cancer metastasis genes that may 
correspond to each of these two models have been recently identified 
in a functional screen for mediators of lung colonization’*. A subset 
of the genes identified in this manner supports mammary tumour 
growth as well as pulmonary metastasis by human cancer cells in 
mice, and constitutes a lung metastasis gene signature (LMS), the 
expression of which in primary tumours indicates a high risk of 
pulmonary relapse in breast cancer patients'*’’. Other genes emerging 
from the same screen, however, imparted lung metastasis virulence 
without affecting primary tumour growth'’. The specific roles that 
these various genes may have in metastasis have remained unknown. 

Here we report that four LMS genes collectively contribute vas- 
cular remodelling functions that can support the formation of vas- 
culature in mammary tumours, the entry of tumour cells into the 
circulation and the exit of tumour cells from the bloodstream into 
the lung parenchyma. Their ability to mediate distinct functions in 
the primary site and in the lung metastasis setting distinguishes these 
genes from oncogenes that primarily support the transformed state in 
cancer cells. The present findings suggest a molecular basis for the 
lung metastasis proclivity of locally aggressive primary breast 
tumours, and a rationale for combinatorial therapeutic interventions 
against metastasis. 


Genetic cooperation in mammary tumour growth 


The MDA-MB-231 cell line, which was derived from the pleural fluid 
of a patient with widely metastatic breast cancer", is a heterogeneous 


population composed of cells with diverse organotropic metastatic 
potential and distinct pro-metastatic gene expression signatures'’*"”. 
Notably, some of the LMS genes that typify the lung metastatic sub- 
populations derived from this source were independently identified 
as downstream effectors of vascular endothelial growth factor 
(VEGF) in endothelial cells'*. This suggested to us the possibility that, 
when expressed by tumour cells, these genes may confer vascular 
remodelling functions that are relevant for metastatic progression. 
These genes include the epidermal growth factor receptor (EGFR)/ 
pan-HER ligand epiregulin (EREG), the prostaglandin-synthesizing 
enzyme cyclooxygenase 2 (COX2; also called PTGS2), and the 
matrix-remodelling metalloproteinases MMP1 and MMP2. EREG, 
COX2 and MMPI are part of the clinically validated LMS genes 
and MMP2 is frequently associated with them'’. Unlike endothelial 
cells'®, the lung metastatic MDA-MB-231 subpopulation LM2-4175 
(hereafter called LM2) expressed these four genes in a manner that 
was neither dependent on autocrine VEGF (Supplementary Fig. 1a, 
b) nor responsive to VEGF addition (Supplementary Fig. 1c). Thus, 
we investigated whether the elevated expression of these genes in 
cancer cells might recapitulate a transcriptional programme encod- 
ing secretory mediators of vascular remodelling for tumorigenesis 
and lung metastasis. 

We stably reduced the expression of EREG, COX2, MMPI and 
MMP2 by using short hairpin RNA interference (shRNA) in LM2 
cells'*. We also generated compound knockdown cells in which up to 
four shRNAs were expressed in a given cell population, attaining 
significant silencing of all targeted genes and their encoded products 
(Fig. laand Supplementary Fig. 2). The extent of silencing achieved is 
consistent with multiple constructs being simultaneously active in 
most, but not all, cells in the knockdown population. Reduction of 
EREG, COX2, MMP1 or MMP2 expression individually had statist- 
ically significant, yet limited, effects on tumour growth on cell inocu- 
lation into the mammary fat pad of immunocompromised mice 
(Fig. 1b, left graph). Nevertheless, silencing of these genes in different 
combinations delayed tumour progression, with nearly complete 
abrogation of growth achieved by silencing all four genes simulta- 
neously (Fig. 1b, right graph). Each cell line was infected with similar 
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Figure 1| EREG, MMP1, MMP2 and COX2 cooperate to mediate primary 
tumour growth. a, LM2 cells were infected with retrovirus encoding a 
control hairpin, or with shRNAs targeting EREG, MMP1, MMP2 or COX2. 
For combination knockdown retrovirus, multiple hairpin vectors were 
transfected as pools into viral packaging cell lines. Infected cells were selected 
and EREG knockdown was determined by quantitative (q)RT—PCR, COX2 
analysed via western blot, and secreted MMP1 and MMP2 measured by 
ELISA. Shown are levels of each gene product in the parental MDA-MB-231 
cell line from which LM2 cells were selected, as well as LM2 control, single 
(sh) and quadruple knockdown (4-sh) cells. n = 3; error bars represent 95% 
confidence interval for RT-PCR analysis and standard errors of the mean 
(s.e.m.) for ELISA. b, 110° cells of control, single knockdowns, or the 
indicated combination knockdown samples were inoculated into the fourth 
mammary fat pads of immunodeficient mice. Length and width of palpable 
tumours were measured, and tumour volumes calculated at the indicated 
time points. Left: effects of single gene knockdown; right: control compared 
to combination knockdown cells. n = 6; error bars indicate s.e.m.; asterisk, 
P<0.05; double asterisk, P< 0.01; triple asterisk, P < 0.001; calculated 
using a two-tailed Student’s t-test for tumour volumes at the last time point, 
compared to control. ¢, Automated immunohistochemistry for phospho- 
histone 3 and cleaved caspase-3 detection was performed on tumours 
obtained from the various combination knockdown cell lines. Shown are 
representative images at an original magnification of 20. d, Quantification 
of cleaved caspase-3 staining using Image J software. n = 15; error bars 
indicate s.e.m.; single asterisk, P< 0.01; double asterisk, P < 0.001; 
calculated using a two-sided Wilcoxon rank-sum test, compared to levels in 
control tumours. 


retroviral titres irrespective of the number of different hairpin 
sequences introduced. Moreover, overexpression of MMP1, MMP2 
and COX2 in the context of cells targeted by all four shRNAs resulted 
in phenotypic rescue of tumour growth to levels that were observed 
for the single EREG knockdown (Supplementary Fig. 3a, b). The 
combined knockdown of three lung metastasis virulence genes, 
IL13RA2, SPARC and VCAM1I (ref. 12), only mildly affected mam- 
mary tumour growth despite strongly inhibiting lung metastasis 


766 


NATURE| Vol 446/12 April 2007 


(Supplementary Fig. 3d—f). Thus, not all combinations of lung meta- 
stasis mediators stimulate primary tumorigenesis. Overall, these 
results uncover specific genetic interactions between EREG, MMP1, 
MMP2 and COX2 that collectively facilitate accelerated mammary 
tumour growth. 

Quantified phosphorylated histone H3 levels indicated that none 
of the single or combined knockdowns of these genes significantly 
altered the proliferation rate of the tumour cells (Fig. lc and 
Supplementary Fig. 4a). In contrast, an increased rate of apoptosis 
was evident in tumours with combinatorial knockdown, as measured 
by cleaved caspase-3 staining (Fig. 1c, d). Dual inhibition of EREG 
and COX2 resulted in a synergistic rise in the rate of primary tumour 
apoptosis (Supplementary Fig. 4b). Although further inhibition of 
MMP1 and MMP2 did not reach the statistical threshold for synergy, 
reduction of these genes resulted in a supra-additive effect above the 
level of apoptosis observed in the EREG/COX2 knockdown 
(Supplementary Fig. 4c). 


Role in mammary tumour angiogenesis 


Increased rates of tumour cell death might be secondary to defects in 
angiogenesis. Indeed, histological staining for endothelial cell marker 
CD31 revealed profound defects in the vascular morphology of 
tumours that had reduced expression of all four of these lung meta- 
stasis genes (Fig. 2a). Digital imaging analysis and quantification of 
vessel structure demonstrated that although the average number of 
discrete vessel units was not considerably altered, the length, number 
of lumens and extent of branching of the existing vasculature were 
significantly reduced in the combined knockdown tumours (Fig. 2b). 
These morphological changes were also visualized using CD31 
immunofluorescence and confocal microscopy to image the tumour 
vasculature (Supplementary Fig. 5). Co-staining for CD31 and NG2, 
a smooth muscle pericyte marker, did not reveal any major differ- 
ences in pericyte recruitment (Supplementary Fig. 5b). Nevertheless, 
vessels in the quadruple knockdown tumours exhibited diminished 
effusion of intravenously injected dextran, consistent with attenuated 
vascular permeability (Fig. 2c). Of note, these defects in primary 
tumour vessel morphology and function occurred in the absence of 
differences in VEGF levels between control and knockdown tumour 
cells (Supplementary Fig. la). This suggested that the aforemen- 
tioned genes promote the formation of the dilated, tortuous and 
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Figure 2 | EREG, MMP1, MMP2 and COX2 mediate tumour angiogenic 
progression. a, Automated anti-CD31 immunohistochemistry was 
performed on control and 4-shRNA-targeted tumours. Representative 
images were obtained at X10 magnification. b, Tumour sections stained 
with anti-CD31 antibody were used for morphometric vessel analysis. Vessel 
units (defined as =10 tum in length), vessel length, number of lumen and 
average number of branch points were quantified as described in Methods. 
n = 15; error bars indicate s.e.m.; double asterisk, P < 0.01; triple asterisk, 
P<0.001; calculated using a two-tailed Student’s t-test. c, Mice bearing 
tumours were injected with rhodamine-conjugated dextran. Tumours were 
extracted and sections examined for vessel permeability at x10 
magnification. Scale bars, 50 jum. 
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leaky blood vessels that typify the neovasculature of aggressive prim- 
ary tumours”. 


Tumour cell extravasation from lung capillaries 


To assess the importance of these genes as mediators of pulmonary 
colonization, the knockdown lines were injected intravenously into 
mice, and lung metastatic progression was monitored by biolumin- 
escence (Fig. 3a) and histological examination (Supplementary Fig. 
6a). Independent silencing of these genes had little impact in this lung 
colonization assay. As in the mammary tumorigenesis assays, inhibi- 
tion of lung colonization was attained when these genes were silenced 
in combination, with knockdown of all four genes yielding the 
most salient defect. Metastatic colonies were eventually observed in 
the combination knockdown samples, but this was attributable to 
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Figure 3 | Genetic inhibition of EREG, MMP1, MMP2 and COX2 prevents 
metastatic extravasation. a, Single and combination knockdown cells were 
inoculated intravenously into mice. Lung metastasis was measured by 
bioluminescence and quantified. Left: effects of single knockdowns versus 
control; right: effects of combination knockdowns versus control with 
representative bioluminescent images of mice injected with control and 
4-shRNA-treated cells at day 35. n = 5; error bars indicate s.e.m.; asterisk, 
P< 0.05; based on a two-sided rank-sum test compared to shRNA control 
LM2 cells. b, Control or 4-shRNA-targeted cells were pulsed with cell 
tracker green and injected into the tail vein of mice. Forty-eight hours after 
tumour cell inoculation, animals were injected intravenously with 
rhodamine-conjugated lectin. Whole lungs were then extracted after 
necropsy and imaged by two-photon confocal microscopy at X63 
magnification. Three-dimensional reconstructed images of tumour cells 
(green) relative to lung capillaries (red) are shown. c, Indicated cell lines were 
seeded into trans-well inserts with or without (No EC) an endothelial 
monolayer. Images of cells migrating were captured at X10 magnification 
and quantified with ImageJ software. Trans-endothelial migration was 
performed with either human umbilical vein endothelial cell (HUVEC) or 
human pulmonary microvascular endothelial cell (HPMEC) monolayers 
with similar results. n = 6-10; error bars indicate s.e.m.; double asterisk, 
P<0.01; based on a two-sided Student’s t-test. 
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outgrowth of cells escaping knockdown and re-expressing these 
genes (data not shown). Statistical tests identified multiple syn- 
ergistic interactions between EREG, COX2, MMP1 and MMP2 in 
the early progression of lung metastasis (Supplementary Fig. 6b). 
The specificity of this phenotype was confirmed by overexpressing 
MMP1, MMP2 and COX2, which resulted in significant recovery of 
lung metastatic activity (Supplementary Fig. 3c). 

To visualize lung metastasis events during the initial days after 
inoculation, whole lungs were extracted and scanned by confocal 
microscopy. Within 2 days of entering the circulation, control 
tumour cells could be visualized outside of the lung capillaries, show- 
ing that they efficiently extravasate into the lung parenchyma (Fig. 3b, 
left panel). Conversely, when detected, the knockdown cells in which 
all four genes were targeted by shRNAs were trapped within vessels as 
single cells, seemingly incapable of breaching the lung endothelium 
(Fig. 3b, right panel). In an in vitro assay of trans-endothelial migra- 
tion, the migratory capacity of LM2 cells through an endothelial 
monolayer was inhibited by the combined knockdown of all four 
genes, which did not entail a generalized defect in cell motility 
(Fig. 3c and Supplementary Fig. 7). Thus, although several mechan- 
isms and outcomes have been proposed for interactions between 
EGFR/HER, MMPs and COX2”"”’, our results provide evidence that 
the expression of EREG, COX2, MMP1 and MMP? by cancer cells 
can collectively promote metastatic extravasation in the lungs. 


Combined drug inhibition of tumour growth and dissemination 


These metastasis-promoting activities can also be pharmacologically 
targeted using previously characterized doses of the anti-EGFR anti- 
body cetuximab”, the broad-spectrum MMP inhibitor GM6001” 
and the COX2 inhibitor celecoxib*®. We used an orthotopic model 
to assess the efficacy of these drug combinations as interventions 
during the natural formation of lung metastasis from mammary 
tumours (Fig. 4a). When used as single agents, these drugs minimally 
inhibited tumour growth of LM2 cells in the mammary glands. 
However, consistent with our genetic studies, treatment with the 
cetuximab/celecoxib and cetuximab/celecoxib/GM6001 combina- 
tions reduced the rate of primary tumour growth (Fig. 4b). This 
was accompanied by vascular defects that precipitated tissue hypoxia 
and ensuing tumour cell apoptosis (Supplementary Fig. 8). This 
vascular phenotype is also consistent with the ability of cetuximab 
and celecoxib to inhibit angiogenesis by means of both autocrine and 
paracrine mechanisms”””*. 

We examined whether the vascular defects elicited by these drugs 
also resulted in impaired tumour cell intravasation from the primary 
site. To this end, the presence of circulating tumour cells was assessed 
by measuring the relative expression of human-specific GAPDH in 
blood from treated mice. Notably, both drug combinations (cetux- 
imab/celecoxib and cetuximab/celecoxib/GM6001) diminished the 
presence of circulating tumour cells, with the effect of the cetuximab/ 
celecoxib combination reaching statistical significance (Fig. 4c). 

Despite the inhibitory effects on intravasation, we noticed that 
some tumour cells had already colonized the lungs of animals before 
the initiation of pharmacological treatment (day 24), as seen by 
immunofluorescent staining (data not shown). Moreover, a signifi- 
cant number of tumour cells were still detectable in the lungs of 
treated mice (Fig. 4d). Confocal imaging after staining for vascular 
endothelium and cancer cells showed that vehicle-treated mice har- 
boured large lung metastatic lesions that had efficiently extravasated, 
whereas mice treated with the cetuximab/celecoxib and cetuximab/ 
celecoxib/GM6001 combinations exhibited a strong bias towards 
smaller micrometastases that remained trapped within the lung vas- 
culature (Fig. 4e). Digital image quantification of multiple lung sec- 
tions established statistically significant inhibitory effects for both 
drug combinations on the overall lung metastatic burden, as well 
as on the size distribution of the lung metastasis lesions (Fig. 4f, g). 
GM6001 addition did not increase the inhibitory effects of the cetux- 
imab/celecoxib combination. 
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Figure 4 | Pharmacological inhibition of tumour growth and dissemination 
in orthotopically implanted primary tumours. a, Schematic representation 
of the time course for tumour cell implantation, primary tumour growth and 
therapeutic treatment to assess effects on primary tumour and lung 
metastatic progression. Animals were treated with vehicle control, 
cetuximab, celecoxib, GM6001, or the indicated combinations. b, Tumour 
volume measurements of mice treated with vehicle control or targeted 
therapies, either individually or in combination. n = 6; error bars indicate 
s.e.m.; asterisk, P < 0.05; double asterisk, P < 0.01; triple asterisk, P < 0.001; 
based on a two-sided Student’s t-test, compared to control-treated animals. 
c, Blood from mice was isolated and red blood cells lysed. RNA from the 
remaining cells was extracted for (RT-PCR. The presence of circulating 
tumour cells was assessed as a function of human-specific GAPDH 
expression relative to murine B2m, in 3 ml of mouse blood perfusate. 

n = 7-8; bars indicate median GAPDH expression; asterisk, P < 0.05; based 


Inhibiting lung colonization by metastatic cells 
When used as single agents, these drugs also minimally inhibited 
pulmonary outgrowth of LM2 cells directly inoculated into the tail 
vein, whereas in combination these drugs prevented metastasis in a 
manner that mimicked the effects of genetic knockdown (Fig. 5a and 
Supplementary Fig. 9a). An exception to this trend was the antagon- 
istic interaction between celecoxib and GM6001, perhaps reflecting 
the fact that the latter is a broad-spectrum MMP inhibitor, likely to 
affect both pro- and anti-metastatic MMPs”. Although the inter- 
actions between these agents did not achieve statistical thresholds 
for synergy, the combination of cetuximab and celecoxib, as well as 
of cetuximab and GM6001, resulted in supra-additive inhibition of 
lung metastasis (Supplementary Fig. 9b). Consistent with the genetic 
inhibition studies, combined pharmacological intervention resulted 
in the capillary entrapment of the remaining tumour cells even 
when visualized 4weeks after tumour cell inoculation (Fig. 5b). 
Interestingly, the inhibition of extravasation was reversed on discon- 
tinuation of drug treatment, with most of the remaining lesions 
expanding into colonies that invaded the lung parenchyma (Fig. 5b, 
right panel). 

We performed similar experiments with malignant cells freshly 
obtained from the pleural fluid of two patients with advanced breast 
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on a two-sided Student’s t-test. d, Staining for tumour cells in lung 
cryosections using a human-specific vimentin antibody. Nuclei were 
visualized using 4,6-diamidino-2-phenylindole (DAPI). Arrowheads 
indicate tumour cell clusters in representative < 10 images of lungs from 
control (left) and animals treated with all three drugs (right). e, Confocal 
imaging at X63 magnification of tumour cells (vimentin, green) and lung 
vasculature (lectin, red) from control (left) and treated animals (three drugs, 
right). Scale bars, 20 um. f, Digital quantification of lung metastatic burden. 
Fluorescein isothiocyanate (FITC)-stained cancer cells in the lungs were 
quantified as metastatic lesions, and normalized to the area of nuclear DAPI 
staining. Shown on the graph is the average lung metastatic area per 

5X 10° uum? DAPI area. n = 10; error bars indicate s.e.m. g, Percentage of the 
lung metastatic burden that was occupied by lesions of the indicated sizes. 
f, g, Asterisk, P< 0.05; double asterisk, P< 0.01; NS, not significant, based 
on a two-tailed Wilcoxon rank-sum test. 


cancer and a diagnosis of lung metastasis who were undergoing rou- 
tine therapeutic procedures at our institution. Carcinoma cells were 
isolated from these samples based on the epithelial cell marker 
EpCAM, under institutionally approved protocols*®. One sample 
(CN34) was subjected to in vivo selection for metastasis-forming 
cells’*. As with the MDA-MB-231 cell line, this process yielded a 
subpopulation (CN34.2A) that expresses high levels of EREG, 
COX2 and MMPI compared with the unsorted CN34 population 
(Fig. 5c). This was associated with an elevated lung colonizing 
activity of CN34.2A cells in mice, which could be inhibited by the 
administration of cetuximab and celecoxib (Fig. 5d, e). A sample 
from a different patient (CN41) was used without prior experimental 
selection for metastatic cells. CN41 cells expressed higher levels of 
EREG and COX2 than did MDA-MB-231 cells (Fig. 5c), and had 
basal lung colonizing activity that could also be inhibited by the 
celecoxib/cetuximab combination (Fig. 5d). In all cases the meta- 
stasis inhibitory effects of this combination were observed from the 
earliest stages of metastatic colonization (day 2) and were sustained 
over 5 weeks (data not shown). These results support the general 
relevance of these genes in lung colonization, and the ability to 
interfere with this process by combining their pharmacological inhi- 
bitors. 
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Figure 5 | Targeted inhibition of metastatic extravasation and lung 
colonization by LM2 and primary malignant cells. a, Mice were pre-treated 
with the indicated agents, 2 days before tumour cell inoculation. After 
intravenous injections of LM2 cells, drug treatment was maintained and 
lung metastasis quantified as in Fig. 2. Left: effects of single agents versus 
control; right: combination drug treatments versus control. n = 5; error bars 
indicate s.e.m.; asterisk, P< 0.05; double asterisk, P < 0.01; triple asterisk, 
P<0.001; calculated using a two-sided rank-sum test compared to control 
treated animals. b, Lungs from control or cetuximab/celecoxib/GM6001 
(drug combination)-treated mice were collected at day 28. Treatment was 
terminated in a subset of animals and mice were monitored for an additional 
6 weeks. Lungs from these ‘off-drug’ mice were then collected after necropsy. 
Lung sections from vehicle-treated, drug-combination-treated and off-drug 
mice were processed for immunofluorescent detection of tumour-specific 
vimentin (green) and CD31 (red). Scale bars, 20 jum. ¢, Primary breast 
carcinoma cell populations CN34 and CN41 were isolated from the pleural 
effusion of patients. The CN34 derivative, CN34.2A, was obtained by in vivo 
selection of highly metastatic cells in mice. Expression of EREG, COX2 and 
MMP1 was assessed by qRT-PCR and compared to parental MDA-MB-231 
and LM2 cell lines. n = 3; error bars represent 95% confidence interval. 

d, CN34, CN34.2A and CN41 were injected intravenously, mice were treated 
with cetuximab and celecoxib, and lung colonization was measured via 
bioluminescence. n = 5; error bars indicate s.e.m.; asterisk, P < 0.05; based 
on a two-sided rank-sum test. e, Representative luminescence images. 


Discussion 

Our current findings identify EREG, COX2, MMP1 and MMP2as a 
subset of LMS genes that are co-opted by breast cancer cells and 
reconstitute a multi-functional vascular remodelling programme 
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that promotes metastatic progression. In orthotopic primary tumour 
assays, these factors collectively mediate pathological angiogenic pro- 
gression, with an ensuing increase in vascular permeability and 
tumour cell intravasation. Remarkably, this set of genes is also 
required to breach the lung vasculature and enable extravasation of 
cancer cells on dissemination of these cells from mammary tumours 
to the lungs. Although the individual targeting of these mediators was 
insufficient to prevent such biological activities, their combined 
inhibition resulted in profound reductions in sequential steps of 
metastatic progression. 

The engagement of a common set of factors in distinct steps of 
metastasis qualifies them as ‘metastasis progression’ genes, which we 
define as genes that fulfil certain rate-limiting functions in primary 
tumour growth and other specific functions in metastatic coloniza- 
tion. Metastasis progression genes are thus distinguished from onco- 
genes that fulfil cell-autonomous transforming functions through 
the course of malignant disease, and from ‘metastasis virulence’ 
genes, defined as those genes that participate in metastatic coloniza- 
tion but not in primary tumour development. 

Despite the major clinical advances provided by cytotoxic, hor- 
monal and targeted therapies, the median survival after diagnosis of 
metastatic breast cancer with visceral organ involvement remains less 
than 2 years*’**. For the most part, the target of commonly used 
chemotherapy drugs continues to be the proliferation of cancer cells. 
As the molecular understanding of the biological functions necessary 
for metastasis increases, it may become possible to develop anti- 
metastatic strategies that target not only the intrinsic growth of dis- 
seminated tumour cells, but also their necessary interactions with 
newly adopted microenvironments. Our current observations dem- 
onstrate that inhibition of EGFR and COX2 can abate lung metastatic 
progression in a clinically relevant model of breast cancer. 
Collectively, these results identify extravasation as an essential step 
in metastatic progression that can be inhibited by combinatorial 
therapies formulated on the basis of biological insights. 


METHODS SUMMARY 


MDA-MB-231 and its lung metastatic derivative LM2-4175 have been described 
previously'*'”. CN34 and CN41 carcinoma cells were isolated from the pleural 
effusion of patients with metastatic breast cancer treated at our institution on 
obtained written consent in accordance with IRB regulations, as previously 
described”. Metastatic cell subpopulations were obtained by in vivo selection in 
mice’. Knockdown of MMP1, MMP2 and COX2 was achieved using pRetroSuper 
technology'*. For EREG targeting, an alternative vector was used (pSM2 deriv- 
ative), which expresses the short hairpin embedded in a larger microRNA 
sequence”. All animal work was done in accordance with the MSKCC 
Institutional Animal Care and Use Committee. BALB/c nude and NOD/SCID 
female mice (NCI) age-matched between 5-7 weeks were used for xenografting 
studies. For inhibitor studies, 1 mg cetuximab was injected intraperitoneally bi- 
weekly, which yields plasma drug concentrations within the corresponding range 
in cetuximab-treated cancer patients*. GM6001 (Ryss Lab) was injected intraper- 
itoneally at a dose of 2mgkg ' daily, which is efficacious in preclinical mouse 
models**. Celecoxib (LKT laboratories) was mixed with a powdered rodent chow 
diet (Research Diets) at a concentration of 1,000 parts per million, and provided 
continuously during the course of the experiment. Celecoxib serum concentra- 
tions in mice treated within this range are clinically attainable and sufficient to 
inhibit inflammation and prostaglandin synthesis in humans~*°**. The Methods 
section provides additional information including cell culture, malignant cell 
isolation from pleural fluids, generation of retroviral gene-knockdown vectors, 
infections and transfections, analysis of RNA and protein expression, trans- 
endothelial migration assays, animal inoculation and bioluminescence imaging, 
sources and use of pharmacological inhibitors, in vivo intravasation assays, 
tumour histological and immunohistochemical analyses, vascular permeability 
assays, extravasation visualization, and image quantification. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture. MDA-MB-231 and its lung metastatic derivative LM2-4175 have 
been described previously''’. All tumour cell lines were cultured in DMEM 
supplemented with 10% FBS, glutamine, penicillin, streptomycin and fungizone. 
CN34 and CN41 carcinoma cells were isolated from the pleural effusion of 
patients with metastatic breast cancer treated at our institution upon written 
consent obtained following IRB regulations as previously described”. Briefly, 
pleural effusion samples were centrifuged at 1,000 r.p.m. for 10 min, cell pellets 
were re-suspended in PBS and treated with ACK lysis buffer to lyse blood cells. A 
fraction of these cells underwent negative selection to remove leukocytes 
(CD45* and CD15* cells), and EpCam-positive cells were sorted from the 
population upon recovery in tissue culture for 24h. HUVEC (ScienCell) 
endothelial cells were cultured in complete ECM media (ScienCell), whereas 
primary human pulmonary microvascular endothelial cells (HPMECs, 
Cambrex) were cultured in EGM-2 (Cambrex). HUVECs and HPMECs were 
used between passages 3-6. The retroviral packaging cell line GPG29 was main- 
tained in DMEM containing 10% FBS supplemented with puromycin, G418, 
doxycycline, penicillin, streptomycin and fungizone. Transfections were done 
using standard protocols with Lipofectamine 2000 (Invitrogen). After transfec- 
tion, GPG29 cells were cultured in DMEM containing 10% FBS and sodium 
pyruvate. 

Generation of retrovirus and knockdown cells. Knockdown of MMP1, MMP2 
and COX2 was achieved using pRetroSuper technology targeting the following 
19-nucleotide sequences: 5'-AGCGGAGAAATAGTGGCCC-3’ (MMPI), 5'- 
GGACGGACTCCTGGCTCAT-3’ (MMP2) and 5'-GGGCTGTCCCTTTACTT- 
CA-3' (COX2). Knockdown of IL13RA2, SPARC and VCAM1 was achieved as 
previously described'*. For EREG targeting, an alternative vector was used 
(pSM2 derivative), which expresses the short hairpin embedded in a larger 
microRNA sequence™’. The two target sequences used in the EREG gene were 
5'-CCCAATATATTCTGACCGTTAA-3’ and 5’-ACCACAAATGCATAAAT- 
GCATA-3’. To produce retrovirus for combination knockdown, multiple hair- 
pin vectors were transfected as pools into the GPG29 amphotropic packaging cell 
line. Viruses were collected 48 and 72h after transfection, filtered, and concen- 
trated by ultracentrifugation. Concentrated retrovirus was used to infect cells in 
the presence of 8 ug ml! polybrene, typically resulting in a transduction rate of 
over 80%, and infected cells were selected with puromycin. Because the total 
amount of plasmid DNA used for co-transfection of multiple hairpins was the 
same as that used for single hairpin transfection, the combination knockdown 
retroviral titres were similar to titres attained when generating single knockdown 
virus. Moreover, we have demonstrated that up to four different vectors can be 
delivered and expressed efficiently in MDA-MB-231 cells using this protocol. 
Thus, knockdown cells obtained after drug selection were injected as a pooled 
population without subcloning. To generate knockdown-rescue cell lines, we 
used a similar method to produce virus encoding complementary DNAs for 
overexpression of the RNAi-targeted genes, along with a hygromycin selectable 
marker. Combination overexpressing retrovirus was used to super-infect prev- 
iously generated knockdown cells that were subsequently selected with hygro- 
mycin. 

Analysis of mRNA and protein expression. Total RNA from subconfluent 
MDA-MB-231 cells was collected and purified using the RNeasy kit (Qiagen). 
Five-hundred nanograms of total purified RNA was subjected to a reverse trans- 
criptase reaction according to the SuperScript III first-strand synthesis system 
(Invitrogen). cDNA corresponding to approximately 5 ng of starting RNA was 
used for each of four replicates for quantitative PCR. Human EREG, MMP1, 
MMP2, COX2 and f2-microglobulin (as an endogenous control) were amplified 
with commercially designed Taqman gene expression assays (Applied Bio- 
systems) and the Taqman universal PCR master mix (Applied Biosystems). Quanti- 
tative expression data were acquired and analysed using an ABI Prism 7900HT 
Sequence Detection System (Applied Biosystems). For immunoblotting, cells 
were washed with PBS and lysed in RIPA buffer (50mM Tris-HCl, pH7.4, 
1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented 
with 50 mM NaF, 20 mM f-glycerophosphate, and complete protease inhibitor 
cocktail (Roche). Proteins were separated by SDS-PAGE and transferred to 
nitrocellulose membranes (Bio-Rad) that were immunoblotted with mouse 
monoclonal antibodies that recognize COX2 (Cayman Chemicals) and o-tubu- 
lin (Sigma). To facilitate detection of endogenous COX2 protein, cells were also 
pre-treated with 20ngml~' TNF- for 5h before lysing (R&D Systems). For 
analysis of secreted protein expression, cells were plated in triplicate at 90% 
confluency in 12-well plates, incubated in DMEM 0.2% FBS, and conditioned 
media was collected 72h later. Media was cleared of cells by centrifuging at 
2,000 r.p.m. for 5 min. Pro-MMP1, pro-MMP2 and VEGF-165 concentrations 
were analysed in conditioned media using ELISA kits (R&D Systems). 

Animal studies. All animal work was done in accordance with a protocol 
approved by the MSKCC Institutional Animal Care and Use Committee. 
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BALB/c nude and NOD/SCID female mice (NCI) age-matched between 
5-7 weeks were used for xenografting studies. For primary tumour analysis, 
1X 10° viable single cells were re-suspended in a 1:1 mixture of PBS and 
growth-factor-reduced Matrigel (BD Biosciences) and injected orthotopically 
into mammary gland four in a total volume of 50 ull as previously described’’. 
Primary tumour growth rates were analysed by measuring tumour length (L) 
and width (W), and calculating tumour volume based on the formula nLW’/6. 
For experimental metastasis assays, 2 X 10° cells were re-suspended in 0.1 ml PBS 
and injected into the lateral tail vein. Lung metastatic progression was monitored 
and quantified using non-invasive bioluminescence as previously described’’. 
Pharmacological inhibitors. Cetuximab (ImClone) was obtained from the 
MSKCC pharmacy. For inhibitor studies, 1 mg cetuximab was injected intraper- 
itoneally bi-weekly. Injection with cetuximab at doses between 0.25 mg and 1 mg 
per injection achieve plasma drug concentrations within the corresponding 
range in cetuximab-treated cancer patients. GM6001 (Ryss Lab) was injected 
intraperitoneally at a dose of 2mg kg ' daily, which has previously been shown 
to be efficacious in preclinical mouse models”’. Celecoxib (LKT laboratories) was 
mixed with a powdered rodent chow diet (Research diets) at a concentration of 
1,000 parts per million (1 g celecoxib per 1 kg chow), and provided continuously 
during the course of the experiment. Previous pharmacokinetic studies dem- 
onstrate that celecoxib serum concentration in mice treated within this range are 
clinically attainable and sufficient to inhibit inflammation and prostaglandin 
synthesis in humans**?>”*, 

Trans-endothelial migration. HUVECs or primary HPMECs were seeded into 
collagen-coated trans-well inserts (1 [1m pore size, BD Falcon) at 100,000 cells 
per well, and allowed to grow to confluence for 4 days. Tumour cells were pulsed 
with 5 uM cell tracker green (Invitrogen) for 30 min before being conditioned 
overnight in 0.2% FBS ECM media without growth factors. The next day, 50,000 
tumour cells were seeded into trans-well inserts with or without a confluent 
endothelial monolayer, and the wells were fixed in 4% paraformaldehyde after 
10h. Cells on the apical side of each insert were scraped off and the trans-well 
membrane mounted onto slides. Migration to the basolateral side of the mem- 
brane was visualized with a Zeiss Axioplan2 immunofluorescent microscope at 
X10 magnification. Pictures of 6-10 random fields across three replicate wells 
were captured for quantification using ImageJ software (NIH). In general, 150— 
200 counts per field of LM2 cells were seen to migrate in the absence of a 
monolayer, whereas 50counts per field were seen to migrate through an 
endothelial barrier. Migration of the indicated lines was plotted as a percentage 
of migrating LM2 control cells. 

Intravasation. Drug-treated mice were perfused with 5 ml PBS through the left 
ventricle. Three millilitres of blood perfusate was collected from the atrium and 
lysed two times using ACK lysis buffer (Cambrex). Total RNA was extracted 
from the remaining cells and used for qRT-PCR as described above. The pres- 
ence of human circulating tumour cells was determined by the relative express- 
ion of human GAPDH normalized to murine B2-microglobulin. 

Tumour and lung immunostaining. Mice were killed and perfused with PBS 
and 4% paraformaldehyde through the left ventricle, before tumours were 
extracted, fixed and paraffin-embedded. Immunohistochemical staining for 
CD31 (Santa Cruz), phospho-histone H3 (Upstate) and cleaved caspase-3 
(Cell Signaling) was performed on paraffin-embedded tumour sections by the 
MSKCC Molecular Cytology Core Facility. Brightfield microscopic images were 
collected using an Axioplan2 microscopy system (Zeiss). Tumour cell prolifera- 
tion (pH3) and apoptosis (cleaved caspase-3) were quantified using a combina- 
tion of Adobe Photoshop (Adobe) and Image] software (NIH). In brief, the 
colour-picker function was used to identify manually the most darkly stained 
region of interest, with a constant fuzziness factor. The selected regions were 
feathered and expanded in a uniform manner, and thresholded into binary 
images, which were subsequently analysed in ImageJ. Morphometric analysis 
of CD31-stained vessels was achieved with Photoshop and Image Processing 
Tool Kit (Reindeer Graphics Inc.) based on a previously described protocol’. 
Angiogenic properties were then scored as a function of vessel density, average 
vessel length, average number of branch points per vessel, and lumen formation. 
On average, immunohistochemistry quantification was performed by taking 
pictures from five random fields per tumour, imaging at least three tumours 
per sample set. For immunofluorescence, tumours were fixed and frozen in 
OCT. Pericyte coverage of vessels was identified by double staining for the 
pericyte marker NG2 (Chemicon) and CD31 endothelial cell marker (BD 
Biosciences Pharmingen), followed by detection with fluorescently conjugated 
secondary antibodies (Jackson Immunoresearch). Permeability of tumour blood 
vessels was assessed by intravenous injection of rhodamine-conjugated dextran 
(70 kDa, Invitrogen) at 2 mg per 20 g body weight. After 1h, mice were killed, 
tumours extracted, and 30-11m sections examined by fluorescence microscopy 
for vascular leakage. Immunofluorescent staining for pimonidazole adducts in 
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primary tumours was performed according to the Hypoxyprobe-1 staining kit 
(Chemicon). 

To observe metastatic extravasation within the first 48 h of circulatory entry, 
tumour cells were labelled with 5 1M of cell tracker green (Invitrogen) for 1 hand 
inoculated into mice. Before sacrifice, mice were injected intravenously with 
rhodamine-conjugated lectin (Vector Laboratories) to stain the lung vascula- 
ture. Lungs were perfused with PBS, inflated through intra-tracheal injection, 
and extracted en bloc. Whole lungs were then scanned by two-photon confocal 
microscopy at X63 using a Leica TCS SP2 microscope (DM IRE2 inverted 
stand). Representative three-dimensional images of stained capillaries and 
tumour cells were processed using Volocity v.3.6 (Improvision). To examine 
extravasating cells in the drug-treated mice, an alternative protocol was used. In 
this case, tumour cells did not retain cell tracker label during the extended time 
frame of the experiment and were alternatively co-stained with a monoclonal 
antibody that selectively detects human vimentin (Novocastra); anti-CD31 anti- 
body (BD Biosciencies Pharmingen) was used to visualize lung capillaries. After 
fluorescent secondary antibody incubation, images were captured with a Leica 
TCS SP2 microscope (DMRXA2 upright stand) and processed using Volocity 
(Improvision). Quantification of lung metastasis was performed by creating 
montage images of whole-lung sections at X10 magnification using an 
Axiovert 200M imaging system equipped with a motorized inverted stand 
(Zeiss). Image quantification was performed as described above using a com- 
bination of Adobe Photoshop (Adobe) and ImageJ software (NIH). 


37. Wild, R., Ramakrishnan, S., Sedgewick, J. & Griffioen, A. W. Quantitative 
assessment of angiogenesis and tumor vessel architecture by computer-assisted 
digital image analysis: effects of VEGF-toxin conjugate on tumor microvessel 
density. Microvasc. Res. 59, 368-376 (2000). 
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A laboratory demonstration of the capability to image 
an Earth-like extrasolar planet 


John T. Trauger’ & Wesley A. Traub! 


The detection and characterization of an Earth-like planet orbiting 
a nearby star requires a telescope with an extraordinarily large 
contrast at small angular separations. At visible wavelengths, an 
Earth-like planet would be 1 x 10~'° times fainter than the star at 
angular separations of typically 0.1 arcsecond or less'*. There are 
several proposed space telescope systems that could, in principle, 
achieve this* *. Here we report a laboratory experiment that reaches 
these limits. We have suppressed the diffracted and scattered light 
near a star-like source to a level of 6 X 10 '° times the peak intens- 
ity in individual coronagraph images. In a series of such images, 
together with simple image processing, we have effectively reduced 
this to a residual noise level of about 0.1 x 107'°. This demon- 
strates that a coronagraphic telescope in space could detect and 
spectroscopically characterize nearby exoplanetary systems, with 
the sensitivity to image an ‘Earth-twin’ orbiting a nearby star. 

Coronagraphs are not new to astronomy’, but only recently has the 
concept been extended to the imaging of Earth-like extrasolar planets 
(exoplanets) from space*. In space, free of the blurring effects of 
atmospheric turbulence, a coronagraph must further suppress light 
diffracted from the edges of the primary mirror (the well-known Airy 
rings’) as well as a surrounding field of speckles due to irregularities 
in the surface figure of the optics. If left uncontrolled, these effects 
spread starlight across the focal plane, completely overwhelming any 
faint planet image. The scattered light in a high-quality optical tele- 
scope in space (for example, the Hubble Space Telescope, HST) at 
a typically close angular separation of 4//D is about 10 * times the 
peak intensity of the central star (here / is wavelength, and D is the 
diameter of the telescope primary mirror). This angular separation 
roughly corresponds to an Earth-twin, at maximum angular separa- 
tion, orbiting a star 10 pc distant, as observed by a 4-m telescope at 
500 nm wavelength. However, the scattered background is about 107 
times greater than an Earth-twin; it must be suppressed to obtain a 
clean exoplanet signal. 

In practice, diffracted light from the edges of the primary mirror 
can be removed by a variety of well-studied coronagraph configura- 
tions'®'’, each with its own specific characteristics and limitations, 
including efficiency, spectral bandwidth and complexity. The coro- 
nagraph can be combined with a telescope in a single spacecraft’ to 
form a system that can be tested for end-to-end performance before 
launch. This is a significant advantage in cost, complexity and risk 
when compared to other actively studied mission concepts**, which 
all require multiple spacecrafts orbiting in precisely constrained for- 
mations—a technology that cannot be validated on the ground and 
has yet to be proven in space. Here we demonstrate suppression of 
diffracted light with a Lyot-type coronagraph, and suppression of the 
speckle field with a wavefront sensing and control technique that is 
applicable to all coronagraph types. 

Our laboratory apparatus, the High Contrast Imaging Testbed’” 
(HCIT), is detailed in Supplementary Information, where we describe 


the optical elements, the concept of a band-limited Lyot corona- 
graph, the use of a precision deformable mirror (DM) to create a 
high-contrast dark field of view, a demonstration of the speckle nul- 
ling procedure that senses and corrects errors in the optical wavefront, 
and a discussion of spectral bandwidth. Enclosed in a space-like envir- 
onment inside a vibration-isolated and thermally controlled vacuum 
chamber at room temperature, this system captures the essential 
optical features of a space coronagraph. 

We report here the results of two experiments with the HCIT, 
namely, a ‘snapshot’ and a ‘movie’. The snapshot experiment simu- 
lates a single exposure of a star and exoplanet system by a space 
coronagraph, allowing a view of a one-sided region near the star. 
The movie experiment simulates a series of snapshots taken as the 
space coronagraph is rotated about the line of sight to the star, thereby 
allowing a search for exoplanets in an annular region around the star. 

In the snapshot experiment, the image of the star is centred on the 
coronagraph mask and the DM is commanded so as to minimize the 
speckle intensity in the target field of view. This experiment used a 
simulated star, but no simulated planet. By offsetting the star to a 
clear part of the mask, we record what a planet would look like (Fig. 
la). With the star centred, a dark target field appeared (Fig. 1b). Ifa 
simulated planet had been present in this D-shaped field, it would 
have appeared as a bright spot resembling Fig. 1a. Quantitatively, the 
data plotted in Fig. 1c show: curve A, the azimuth-averaged intensity 
of the star in the target field, without the focal plane mask present; 
curve B, the azimuth-averaged intensity of the star in the target field, 
with the focal plane mask, and with the DM set to minimize the 
average intensity in this field; and curve C the same as B except before 
DM correction. As shown in curve B, the average intensity is about 
6 X 10° '° times the peak intensity of the star in a field between 42/D 
and 10//D on one side of the star. This snapshot experiment shows 
that the present apparatus, in a single exposure, is capable of sup- 
pressing both the diffracted and scattered light around a star, down to 
a contrast level that is slightly better than a Jupiter, but not quite as 
low as an Earth”. 

This experiment validates many, but not all, of the critical elements 
of an actively corrected space coronagraph for exoplanet imaging. It 
is a simple, stable coronagraph configuration, operating in a space- 
like environment, with contrast performance that can be accurately 
modelled end-to-end using the known characteristics of the optical 
elements. It illustrates a robust method of optical wavefront sensing 
and control that requires only the DM anda sensor in the focal plane 
to analyse the image of a star. It shows that current DMs are capable 
of suppressing scattered light to contrast levels and separations rep- 
resentative of a planet-finding mission and, as the movie experiment 
shows below, that the precision DM settings remain stable over per- 
iods of hours or more without feedback. 

However, the experiment lacks a simulator for a large telescope 
structure in space. We briefly consider the flight system characteristics 
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Figure 1| Representative coronagraph images and intensity profiles. 

a, The appearance of a ‘planet’ offset from the star (and therefore not 
occulted by the coronagraph mask). The horizontal elongation of the 
diffraction rings is a result of the Lyot aperture (see Supplementary 
Information). b, The high-contrast coronagraph “dark half-field’ to the right 
of the masked central star (at the location of the red asterisk). ¢, Plots of 
relative intensity versus angular separation from the ‘star’. Curve A, data 
from a; curve B, data from b; curve C, the coronagraph contrast before 


needed to carry this coronagraph concept forward to a viable space 
mission. System considerations will include our ability to manufac- 
ture an optical system to the required tolerances; our ability to make 
the necessary alignments and adjustments in orbit with demonstrated 
wavefront sensing and control methods; and our ability to maintain, 
within acceptable limits, critical alignments that may vary on time- 
scales shorter than the wavefront sensing and control cycle (for 
example, less than 90 min). In Table 1, we list representative engin- 
eering tolerances for the most important sources of wavefront error in 
a 4-m telescope with a Lyot coronagraph. 

The experiment was performed in polarized, narrowband laser 
light rather than unpolarized, continuum starlight filtered to a 10- 
20% (64/4) bandwidth as would be required for photometric studies 
in astronomy. As we discuss further in Supplementary Information, 
our coronagraph is insensitive to polarization, working equally well 
in polarized and unpolarized light. We are currently addressing the 
question of spectral bandwidth in stages. Early experiments with 2% 
bandwidth yield a contrast of 1 X 10° using the same coronagraph 
masks and speckle nulling procedure as above (B. Kern, personal 
communication), and models indicate this can be improved to the 
contrast levels seen in narrowband light. Initial experiments with 
10% bandwidth light, again with the same coronagraph mask and 
speckle nulling procedure, produced a contrast of 4 X 10°”. Our 
model predicts that contrast with 10% bandwidth will be improved 
by about an order of magnitude using new coronagraph masks now 
being manufactured with standard techniques and common materi- 
als. This is an active area of development and a pathfinder for the 


Table 1| Critical engineering tolerances for a flight system 
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wavefront correction (with the DM nominally flat); curve D, the r.m.s. 
background obtained by roll deconvolution of a set of coronagraph images 
(obtained by subtracting the azimuthally averaged background in Fig. 2c). 
Intensity profiles for a nominal Earth and Jupiter in reflected starlight are 
included for reference. These are equal in intensity to the planets in Fig. 2, 
but centred at a separation of 7//D for clarity, and standing above the roll- 
deconvolved r.m.s. background. Images and intensity curves are displayed 
on logarithmic scales. 


ultimate space mission, as described in greater detail in Supplemen- 
tary Information. 

In the movie experiment, to simulate a coronagraph operating in 
space, we continuously repeated the snapshot experiment 480 times 
over a period of 5h. The apparatus was very stable during this period; 
it was not adjusted in any way between exposures. The background 
speckle field evolved slowly, owing to room temperature changes and 
mechanical relaxation, much as might be expected in a coronagraph 
in space. 

The movie experiment demonstrates the process of planet discov- 
ery with a space coronagraph, as follows. As shown in Fig. 2a, we 
hypothesize a space coronagraph that is aimed at a nearby star 
(centred behind the asterisk), with the background starlight sup- 
pressed in the target field, as in the snapshot experiment. We assume 
that the space coronagraph is rotated in small increments, so that the 
dark target field successively covers regions that ultimately fill the 
complete annular region between angular separations of 4//D and 
10A/D on the sky. For illustration, we show 12 discrete 30° steps in 
Fig. 2a, but in the computation we use 48 steps of 7.5° each, and in each 
step we co-add 10 sequential exposures, using a total of 480 exposures. 

Lacking a simulated planet, we added attenuated copies of the star 
to each exposure, at the sky locations shown in Fig. 2a by the three 
coloured objects. This procedure is valid because we have previously 
shown that the presence ofa planet in the speckle field ofa star has no 
effect whatsoever on our wavefront correction algorithm’. The 
orbital positions were chosen artificially so that the projected plan- 
etary system could be captured in a single image here. 


Significant sources of wavefront error r.m.s. tolerance Timescale HST comparison 
Precision of the DM settings* 0.014 nm* >90 min NA (no DM) 
Telescope pointing jitter 

Body pointing of telescope (spacecraft momentum wheels) 35 mas Active (0.1 Hz) 3-5 mas 

Star on the coronagraph mask (fine steering mirror) 2.5 mas Active (10 Hz) NA (no FSM) 
Surface of the primary mirror, by spatial scale across the PM 

D/4 and larger (specification, stability) 8nm, 1.6nm Continuous 9nm, unknown 

D/50 to D/4 (polish and quilting artefacts, stability) 7nm, 0.014 nm >90 min 7 nm, similar 

Particulate contamination (dust and micro-meteor pits) Level 750 Years Level 750 or better 

Coating reflectance uniformity (D/50 to D/4) 0.25% Years Unknown 
Surface quality of small optics (specification, stability) 1nm, 0.014 nm* >90 min 8nm, similar 
Telescope alignment (separation of the SM and PM) 1,000 nm Continuous 2,000 nm 


Representative engineering tolerances are shown for the dominant sources of wavefront error in a 4-m exoplanet imaging telescope with a Lyot coronagraph, and an HST comparison. The system 
architecture balances difficult requirements across the flight system, based on commercially available components and trades between competing engineering parameters, and a relaxation of optical 
tolerances using the DM for active wavefront correction. The tabulated numbers were derived by scaling from the (1.5-m) Eclipse? and TPF-C (8-m) SpeckleCam” engineering point designs. For the 
purpose of illustration, engineering tolerances are expressed in terms of their effect, 5C, on the contrast metric C for the system overall. The cumulative effect of various independent sources of 
wavefront error can be approximated as the linear sum of their individual 6C allocations, a computation that is equivalent to a quadratic sum of random, uncorrelated wavefront errors. With this 
understanding, each tolerance in the table has been scaled to contribute a &C no greater than about 1 x 10" (roughly one-tenth the brightness of an exo-Earth) to the overall contrast error budget. 
Some of these drift slowly over time and may be regarded as static errors, to be swept away with each new cycle of speckle nulling. Others, varying on shorter timescales, must be actively maintained 
within acceptable limits during the time between nulling cycles. In practice, a particular tolerance could be allocated a larger fraction of the overall contrast budget than shown here, but only at the 
expense of tighter requirements elsewhere in the system. Tolerances are presented along with expected timescales for significant variations (see Supplementary Information for further explanation 
of these tabulated values). NA, not applicable; FSM, fine steering mirror; PM, SM, telescope primary and secondary mirrors. 


* Stability tolerances demonstrated in this Letter. 
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Figure 2 | Laboratory images demonstrate contrast at levels required to 
detect an Earth-twin. a, Three planet images are shown on the sky. The 
planets are copies of the measured star but reduced in intensity by factors of 
(10, 5 and 1) X 10 1°, corresponding to the typical intensities of Jupiter, 
half-Jupiter and Earth, respectively. The Earth-twin is at about 4 o’clock, and 
the Jupiter-twin at 2 o’clock. The D-shaped field of view rotates on the sky as 
the spacecraft is rotated about the line of sight to the star (asterisk), as 
illustrated by the numbered segments drawn with successively fainter 
outlines as the rotation sequence progresses in time. b, Three sample images 


Three snapshots of the planets-plus-speckle field are shown in 
Fig. 2b. With a relative speckle intensity of about 6 X 10 '° in each 
snapshot, the planets (centred under the white ‘+’ signs) are barely 
visible. This combination of a slowly evolving instrumental back- 
ground that is fixed with the rotating spacecraft, plus an astronomical 
object that is fixed in inertial space, has been encountered before with 
images from the HST. The technique of removing the background 
speckle field while retaining the astronomical objects in the image”! 
is known as ‘roll deconvolution’. We applied a roll deconvolution 
algorithm to the present sequence of laboratory background plus 
superposed planet images (J. Krist, personal communication). The 
result is shown in Fig. 2c, where we see that all three planets stand out 
clearly. Further, subtracting the azimuthally averaged background 
field yields an r.m.s. uncertainty of about 0.1 X 107 '°, as indicated 
by curve D in Fig. 1c. The Earth and the Jupiter intensities are shown 
added to the background from roll-deconvolution, and superposed 
for clarity. 

The movie experiment is an existence proof that it is possible to 
extract exoplanets close to a star, even when the residual speckle 
intensity is comparable to, or greater than, the planet intensities. 
We believe, however, that for planet detection and characterization 
a space coronagraph should be designed to even stricter standards, 
with roughly a factor of ten weaker speckles than achieved in the 
present experiments. The present work is a step towards this goal, 
but more work remains. Further laboratory work now in progress is 
focused on pushing the speckle background lower, broadening the 
spectral bandwidth, suppressing speckles simultaneously on both 
sides of the star with a pair of DMs”, and increasing the radial field 
of view, both inward and outward. The present work lays the ground- 
work for the development of future missions~”* that will, for the first 
time, explore nearby Earth-like exoplanet systems by direct imaging 
and spectroscopy. 
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Optical coherent state discrimination using a 
closed-loop quantum measurement 


Robert L. Cook!, Paul J. Martin’ & J. M. Geremia’ 


Quantum mechanics hinders our ability to determine the state of a 
physical system in two ways: individual measurements provide 
only partial information about the observed system (because of 
Heisenberg uncertainty), and measurements are themselves invas- 
ive—meaning that little or no refinement is achieved by further 
observation of an already measured system’. Theoretical methods 
have been developed to maximize the information gained from a 
quantum measurement while also minimizing disturbance”, but 
laboratory implementation of optimal measurement procedures is 
often difficult. The standard class of operations considered in 
quantum information theory’ tends to rely on superposition-basis 
and entangled measurements’, which require high-fidelity implem- 
entation to be effective in the laboratory’. Here we demonstrate 
that real-time quantum feedback*”® can be used in place of a 
delicate quantum superposition, often called a ‘Schrédinger cat 
state’, to implement an optimal quantum measurement for dis- 
criminating between optical coherent states'’’. Our procedure 
actively manipulates the target system during the measurement 
process, and uses quantum feedback to modify the statistics of an 
otherwise sub-optimal operator to emulate the optimal cat-state 
measurement. We verify a long-standing theoretical prediction’’ 
and demonstrate feedback-mediated quantum measurement’”” at 
its fundamental quantum limit over a non-trivial region of para- 
meter space. 

In this work we consider a single mode optical field 4 prepared at 
random into one of two pure coherent states, |0) or |), with a priori 
probabilities Po(0) and Po(«). Privy only to the candidate states and 
their likelihoods, our problem is to determine whether the optical 
field was prepared into |0) or |x) using the outcome of a measurement 
M. On the basis of the theory of quantum hypothesis testing", it is 
sufficient to consider a two-component measurement, described by 
the operators My and M, =1— Mp, with the interpretation that one 
selects |0) when the measurement outcome corresponds to My and 
vice versa. But because coherent states are not orthogonal, quantum 
mechanics precludes any measurement that can discriminate per- 
fectly between |0) and |x). The ability of a given operator M to dis- 
tinguish between the two states in question can be characterized 
using (among other information theoretic measures) the probability 
of error'>’®: 


Py = Pyy(a|0) Po(0) + Prs(0|xx) Po (cx) (1) 
Here, Piy (Vis lv i) is the conditional probability based on the mea- 
surement M that one erroneously selects |y;) when the field was actu- 
ally prepared into the state |,). Pa(wi|w;) is determined by the 
quantum measurement statistics for M; with respect to the state |;): 
specifically, Pyy(a|0) = tr{M,|0)(0|] and Py (Ola) =tr|Mo|a) (a|]. By 
weighting the two incorrect decisions by the a priori likelihoods of |0) 


and |«), Pz quantifies the probability that one would mis-identify the 
field state in any individual measurement realization. We restrict 


ourselves here to equal a priori likelihoods, Po(0) = Po(~) = 1/2, as 
this reflects the least classical prior information for use in decision 
making. Also, without loss of generality, our analysis applies to dis- 
criminating between any two coherent states |\/o) and |) by perform- 
ing an unconditional displacement to |0) and |« = yy, — Wo) before 
measurement. 

Besides being a canonical problem in quantum optics, coherent 
state discrimination plays a fundamental role in communication 
theory’. For information to be transmitted between parties, the data 
must be encoded into the state of a physical system, which is itself 
subject to quantum mechanics. For example, in modern telecommu- 
nications, data are often encoded into an optical field using a discrete 
set of coherent state amplitudes by modulating the intensity or phase 
of a laser''*'*. Achieving quantum limited discrimination between 
the different states of the laser field, and thus the communication 
symbols, is essential to minimizing the error rate when decoding the 
transmitted data’*'’. Distinguishing between weak coherent states is 
also important to applications of quantum information science, in 
particular for quantum key distribution. 

To determine the optimal measurement for discriminating 
between coherent states, one minimizes equation (1) over all valid 
quantum maps. Doing so leads to the quantum limit!*’*: 


Po. =5(1-vi=e-*) (2) 


achieved by the so-called ‘cat-state’ measurement: M; =|m)(m| where 
|m) = co(a)|0) + c,(c)|) (the optimal superposition depends on «)'°. 
Unfortunately, preparing such a cat state in the laboratory is generally 
considered extremely difficult'”’’, so much so that it has not been 
accomplished in the four decades since this problem was first studied. 

The standard sub-optimal approach to coherent state discrimina- 
tion resorts to measuring the number operator, #= 4" a, implemen- 
ted approximately in the laboratory by direct photon counting”. 
State discrimination is performed by partitioning the number oper- 
ator outcomes into two projectors, My =|0)(0| and M,, = 1—|0)(0|, 
because (technical imperfections aside) photon counting produces 
n> 0 only when the field was prepared into |x). An error occurs when 
no photons are detected due to vacuum fluctuations in |x). The 
resulting state discrimination error is known as the shot-noise error 
probability: 


Psy =e" /2 (3) 


where 7, =|a|” is the mean photon number for |). 

In this work we demonstrate that one can surpass shot noise and 
even approach the quantum limit using real-time quantum feed- 
back*"”” in place of the cat-state measurement. Our approach exploits 
the finite duration of any real measurement. In the present context, 
the quantum states |0) and |«) are realized as optical wavepackets with 
spatiotemporal extent. Measurements on an optical pulse inherently 
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persist for a time set by the pulse length, t. For example, photon 
counting generates a measurement record 29.7) =(t,.--,tn) that 
consists of the observed photon arrival times even if M is modelled 
using standard quantum measurement theory by viewing the total 
number of photon arrivals in the counting interval [0,t] as one 
aggregate ‘instantaneous’ measurement of the number operator. 
Rather, we exploit this time to feed back on the optical field in a 
manner that emulates the actual cat-state measurement. 

A diagram of our closed-loop measurement is shown in Fig. 1a. 
Following the proposal by Dolinar’*’, we combine photon counting 
with feedback-mediated optical displacements applied during the 
photon counting interval. The amplitude of the displacement u, 
applied at each time t during the measurement is conditional on the 
accumulated measurement record (9, and based on an evolving 
bayesian estimate of the incoming wavepacket state’*'’. Discrimina- 
tion is performed by selecting the state |y/)e{|0), («| } that maximizes 
the conditional probability P(z 10,1] |¥s40,11) that the measurement 
record 29,1 would be observed given the state |W) and the history of 
applied displacements t4;9,,. The feedback controller determines which 
state is most consistent with the accumulating record 3 9,;, and chooses 
the feedback amplitude at each point in time to minimize the prob- 
ability of error over the remainder of the measurement interval (1, Tt]. 
The policy for determining the optimal displacement amplitude u; is 
found by minimizing a time-additive extension of equation (1)"”: 


Py[u] =;| dt [P(a|0,u0,r)) +P(O|o,u0,4) | (4) 


that demands minimal error at all times during the measurement, not 
just in its aggregate statistics. Here, P(i|W,u0,4) is the probability of 
selecting |\;) given the field state |;) and the displacement history uo, 
averaged over measurement records. Functional minimization of 
equation (4) was first performed by Dolinar’’ and more recently using 
modern optimal control theory’’. The resulting feedback policy: 
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Figure 1| Closed-loop quantum state discrimination. a, We consider a 
measurement that combines photon counting with feedback-mediated 
optical displacements to enact quantum-limited state discrimination 
between the coherent states |0) and |«). b, A simplified diagram of our 
laboratory implementation of a. See main text for details. 
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with the decision procedure that |) (|0)) is chosen when the number of 
photon counts in the measurement interval mo,-; is even (odd), ana- 
lytically achieves the fundamental quantum limit, equation (2)'*’”. 
Figure 1b shows a diagram of our laboratory implementation of 
the closed-loop measurement just described. Light from an external- 
cavity grating-stabilized diode laser operating at 852 nm is coupled 
into a polarization maintaining (PM) fibre-optic Mach—Zender 
interferometer. The input beamsplitter (FBS1) provides two optical 
fields with a well-defined relative phase: the upper arm of the inter- 
ferometer acts as the target quantum system for state discrimination 
and the lower arm provides an auxiliary field used to perform closed- 
loop displacements at the second beamsplitter (FBS2). Photon 
counting on the outcoupled field is implemented using a gated sil- 
icon avalanche photodiode (APD), and our feedback controller is 
constructed from a combination of programmable waveform gen- 
erators and high-speed digital signal processing electronics (feedback 
bandwidth ~30MHz). A digital counter records the number of 
photon counter clicks generated in each measurement interval 
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Figure 2 | State preparation and control displacement calibration. 

a, Demonstration of our ability to prepare optical coherent states (blue 
circles) and perform controlled displacements (red squares) with high 
fidelity using a precision calibration of our apparatus. Inset, a Poisson fit of 
our photon counting statistics for ~ ~ 1, illustrating that our state 
preparation is quantum-limited. b, Demonstration of our ability to apply 
controlled phase displacements ¢(u,). The calibration in b illustrates the low 
control voltages (V,,) required to drive our apparatus, which allows for high- 
bandwidth application of the measurement feedback control. Each data 
point in a and b reflects a statistical ensemble of 100,000 replicate 
measurements, with error bars given by the estimated sample standard 
deviation. 
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[0,t] , during which the feedback controller determines the feedback 
amplitude, equation (5), via the accumulating count record 10,1. 

Coherent states for discrimination are realized as t = 20 j1s optical 
pulses produced by a computer-controlled PM fibre-optic intensity 
modulator (FIM1) in the upper arm of the interferometer. The cal- 
ibration parity between desired and observed values of |a| in Fig. 2a 
(red squares) highlights our ability to prepare arbitrary optical coher- 
ent states with amplitudes 0.1 =|a| = 1 (the phase of « is described 
below). Counting statistics for one such preparation with n,~1 is 
shown in the inset plot. The red circles in the inset are a poissonian fit 
to the counting data, for which we compute x’ — 1 below 1 p.p.m., 
providing compelling evidence that our state preparation is quantum 
noise-limited. We perform a similar calibration analysis using the 
intensity modulator in the lower arm of the interferometer (FIM2). 
The amplitude in this arm is used to implement the magnitude of the 
control displacement |u,| applied to the target quantum state via the 
outcoupling beamsplitter FBS2. Figure 2a plots the parity between 
the desired and observed displacement amplitude | u,| (blue circles). 
The phase of our prepared coherent states #(«) and the phase of the 
feedback displacements $(1) are implemented by the modulator 
(FPM) in the upper arm of the interferometer. Without loss of gen- 
erality, we always chose #(«) = 0 to simplify the interpretation of our 
displacements. Figure 2b illustrates our ability to control the relative 
interferometer phase and thus apply $(u,). We actively stabilize the 
laser intensity, interferometer path length, and modulator temper- 
ature to enable accurate comparison of different statistical ensembles. 
Residual technical imperfections in our experiment result primarily 
from detector dark counts (7g = 0.0078), interferometer phase noise 
(6d ~ 8 mrad), and finite extinction of our modulators. 

With feedback disabled, our measurement reduces to direct 
photon counting. The data (red squares) in Fig. 3a show that, in 
the absence of feedback, our observed probability of error for dis- 
criminating between |0) and |x) faithfully reproduces shot noise 
(solid red line) as a function of ni, = |or|”. Each data point was calcu- 
lated using 100,000 optical pulses sampled randomly from {|0),|«)} 
with equal probability. We use the label |0) to signify the darkest 
field 7%~0.008 we can achieve given finite intensity-modulator 
extinction. The residual field appears to have a negligible effect, with 
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Figure 3 | Laboratory observation of sub-shot-noise state discrimination. 
a, The measured probability of error versus mean photon number for both 
direct photon counting (red squares) and our closed-loop measurement 
interpreted using a bayesian estimator that assumes application of the 
optimal closed-loop control policy (blue circles) and one that accounts for 
experimental imperfections (green triangles). All data points were obtained 
from ensembles of 100,000 measurement trajectories, with error bars that 
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a discrepancy between our photon counting data in Fig. 3a and 
equation (3) of y° —-1=1.13X 10°. 

The data in Fig. 3a have been adjusted to account for finite detector 
efficiency and optical losses. That is to say, the coherent state ampli- 
tudes in our experiment are normalized with respect to the average 
photon number 7,=|2|7 measured by the APD over a t= 20s 
square-envelope pulse. Owing to the nature of coherent states, it 
has been shown that the detection efficiency 7 (resulting from the 
combination of detector quantum efficiency nq and optical efficiency 
Ne) factors out of a comparison between the shot-noise and quantum 
limts'’. For comparison, we have plotted the shot-noise error and 
quantum limits that would correspond to ideal detection (7 = 1) in 
Fig. 3a. We have independently determined the intrinsic efficiency of 
our apparatus to be approximately 7 ~ 0.35. 

Figure 3b, traces 1-4, shows an example closed-loop measurement 
trajectory in which the field was prepared into the state |” = 0.20), to 
be distinguished from |0). The measured pulse envelope of the pre- 
pared coherent state is depicted in trace 1 and the shaded regions 
(t<0 and t>1) indicate that the APD is gated off at those times. 
Before t= 0, the displacement amplitude is pre-established to its 
initial value to suppress ringing and slew-rate limitations. Careful 
inspection of equation (5) reveals that the optimal displacement 
diverges at early time, |u| > %. However, finite modulator extinc- 
tion (and APD saturation to a lesser extent) limits the practical 
maximum displacement that can be applied in trace 2. Our max- 
imum displacement corresponds to n,~15.8, although this could 
be increased with additional intensity modulators in future 
experiments. 

Many aspects of the closed-loop measurement are evident from the 
single-shot trajectory in Fig. 3b. At t= 0 there is no reason to prefer 
one state, |0) or |), over the other. But as more data become available, 
the controller refines its bayesian estimate of the incoming optical 
state by updating the conditional probabilities P (Wz [0,1]>4(0,1]) > 
described above. The premiss behind the closed-loop measurement 
is to displace the field to the vacuum in each shot and decide which 
state is present based on the displacement applied to cancel the field. 
As the controller gains increased confidence in its guess, it is better 
able to perform the correct nulling displacement. From equation (5), 


Counter (V) Displacement amplitude, u; |a| (root number) 


17.5 


1 1 1 1 1 1 i 
2.50 5.00 7.50 10.0 12.5 15.0 20.0 


Closed loop measurement time (ts) 


0.00 


reflect the sample standard deviation. The four traces in b (1-4) depict a 
single-shot closed-loop measurement trajectory, discussed in detail in the 
text. We draw attention to several technical issues: first, the finite dynamical 
range of our displacements (point A on graph); second, the initial APD click 
is a timing signal, not a real detection event (B); and third, the apparent rise 
time is that of the monitor photodiode not the feedback (C). 
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the displacement magnitude | u* is inversely proportional to the 
time-dependent decision uncertainty \/1—exp(—/,t/t); although 
not readily apparent, performing the optimization of equation (4) 
reveals that it is statistically optimal for the closed-loop measurement 
to reverse its state hypothesis with each detector click during the 
counting interval'*’’. The sequence of hypothesis reversals in the 
example closed-loop trajectory is denoted along with the measure- 
ment record in Fig. 3b trace 4. As the measurement record accumu- 
lates, the controller eventually settles on its final (correct) decision, 
which in this case is |). 

The data (blue circles) in Fig. 3a demonstrate that the closed-loop 
state discrimination procedure described above (alternating guesses 
between |«) and |0) with each photon arrival) surpasses the shot- 
noise error probability for amplitudes |x| less than about one. We 
essentially saturate the fundamental quantum limit over a non-trivial 
region of parameter space n, < 0.3. Performance does degrade at 
larger mean photon numbers owing to technical limitations: most 
significantly, finite extinction in the intensity modulator prevents | u,| 
from achieving the optimal magnitude |u; at early measurement 
times—the contrast ratio of the modulator prevents us from input- 
ting an arbitrarily large field into the lower arm of our interferometer 
(see Fig. 1) as the closed-loop displacement policy for |0) requires 
|u,| ~ 0. 

The data (blue circles) in Fig. 3a were determined assuming that 
we implemented the optimal feedback control policy in equation 
(5) perfectly by selecting the state |\)e{|0),|«)} to maximize the 


conditional probability P(e un Wt) This approach is clearly 


sub-optimal owing to the technical imperfections in our control dis- 
placements just described. On the basis of a suggestion by H. M. 
Wiseman (personal communication; a similar approach was taken 
in the adaptive phase measurement)’, we reinterpreted our raw 
measurement data to account for deviations between the feedback 
actually performed in our experiment o,,} and the optimum policy 
Ug, 2): The data (green triangles) in Fig. 3a reflect an analysis based on 
the true conditional probability P(E (0,t]1¥sU0,2])> and we find that 
our procedure nearly achieves the quantum limit (for our detection 
efficiency) over the full range of coherent states we investigated. This 
improvement to Dolinar’s original solution’? was made possible by 
an optimal control theoretic treatment of coherent state discrimina- 
tion’. We observe that even with detection efficiency 4 ~ 0.35 our 
closed-loop measurement slightly outperforms the ideal shot-noise 
error that would be achieved in a technically lossless experiment 
7 = 1 for photon numbers n < 0.2. 

Our experiment complements previous work on adaptive 
quantum measurements'*””: rather than optimizing over a parame- 
terized space of measurements (for example, quadrature operators) 
for a fixed state, our procedure manipulates the state of the observed 
system for a fixed measurement. Quantum feedback can be viewed as 
manipulating the outcome statistics of the number operator #. In the 
absence of feedback, the detailed measurement record consisting 
of photon arrival times 29.7 = (t1,b,.--5tn) provides no more 
information than the total number 1: Poisson processes are station- 
ary in time, but with feedback, the significance of each click depends 
on when it occurs, even though the field is described by some coher- 
ent state at each point in time. The optimal feedback policy applies 
displacements in a manner that extracts as much information out of 
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each photon arrival as possible. It is in this manner that we surpass 
shot noise to achieve the fundamental quantum limit over a non- 
trivial range of |2|. 

Furthermore, our procedure is evidently less demanding on the 
measurement resources needed to achieve optimal statistics than a 
direct implementation of a cat state. At no point in time do we 
generate a superposition between optical coherent states, yet we 
effectively achieve the optimal result by exploiting the time-depend- 
ence of the measurement. Our results suggest that demanding 
quantum resources such as entanglement and superposition states 
may in fact be fungible. At least here, it was possible to replace the use 
of such fragile resources with a more robust method—quantum 
feedback. 
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Rapid and reversible shape changes of molecular 
crystals on photoirradiation 


Seiya Kobatake’, Shizuka Takami’, Hiroaki Muto”, Tomoyuki Ishikawa’ & Masahiro Irie” 


The development of actuators based on materials that reversibly 
change shape and/or size in response to external stimuli has 
attracted interest for some time’. A particularly intriguing pos- 
sibility is offered by light-responsive materials, which allow re- 
mote operation without the need for direct contact to the actuator. 
The photo-response of these materials is based on the photoisomer- 
ization of constituent molecules (typically trans—cis isomerization 
of azobenzene chromophores), which gives rise to molecular 
motions and thereby deforms the bulk material. This effect has 
been used to create light-deformable polymer films and gels”"°, 
but the response of these systems is relatively slow. Here we report 
that molecular crystals based on diarylethene chromophores and 
with sizes ranging from 10 to 100 micrometres exhibit rapid and 
reversible macroscopic changes in shape and size induced by ultra- 
violet and visible light. We find that on exposure to ultraviolet 
light, a single crystal of 1,2-bis(2-ethyl-5-phenyl-3-thienyl)per- 
fluorocyclopentene changes from a square shape to a lozenge 
shape, whereas a rectangular single crystal of 1,2-bis(5-methyl-2- 
phenyl-4-thiazolyl) perfluorocyclopentene contracts by about 5-7 
per cent. The deformed crystals are thermally stable, and switch 
back to their original state on irradiation with visible light. We 
find that our crystals respond in about 25 microseconds (that is, 
about five orders of magnitude faster than the response time of the 
azobenzene-based polymer systems’'°) and that they can move 
microscopic objects, making them promising materials for possible 
light-driven actuator applications. 

Azobenzene-containing liquid-crystal elastomers have been 
shown’ to contract by as much as 22% on ultraviolet irradiation. 
The effect can give rise to directed bending of elastomer films, pro- 
vided the chromophores are selectively excited with linearly polar- 
ized light*® or unidirectionally aligned in the film by a rubbing 
procedure*"®. In both cases, the light-induced trans—cis photoisomer- 
ization of the azobenzene chromophores reduces the ordering of the 
liquid-crystal material, which in turn gives rise to macroscopic con- 
traction or bending. The response time of these systems is, however, 
rather slow (typically on the timescale of seconds to minutes), and the 
deformed states are unstable because the cis-azobenzene isomers 
relax back to trans-azobenzenes’. In contrast, diarylethene molecules 
undergo thermally irreversible and fatigue-resistant photochromic 
reactions in solution as well as in the single-crystalline phase'’’. 
The effect has been used” to reversibly change the surface mor- 
phology of a diarylethene single crystal on photoirradiation. 

Figure 1 shows 1,2-bis(2-ethyl-5-phenyl-3-thienyl)perfluoro- 
cyclopentene (1) and _ 1,2-bis(5-methyl-2-phenyl-4-thiazolyl)per- 
fluorocyclopentene (2) used in this study, and illustrates their 
structural transformations and single-crystal deformations on altern- 
ate irradiation with ultraviolet (wavelength 365nm) and visible 
(>500 nm) light (see Supplementary Videos 1 and 2). Single crystals 


of 1 and 2, with sizes on the 10-100 um scale, were prepared by 
sublimation of the compounds on glass plates. On irradiation with 
ultraviolet light, the molecules in the crystals underwent a cyclization 
reaction that transforms open-ring isomers into closed-ring isomers 
and changes the colours of crystals 1 and 2 to blue and violet, respec- 
tively. The colours were stable in the dark, but disappeared on 
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Figure 1| Chemical structures and deformation of the two diarylethene 
compounds. Molecular structures of the open- and closed-ring isomers of 
the two compounds along with images illustrating the deformation of their 
single crystals on irradiation with ultraviolet (365 nm) and visible 

(>500 nm) light. a, A square single crystal of 1,2-bis(2-ethyl-5-phenyl-3- 
thienyl)perfluorocyclopentene (1) with corner angles of 88° and 92° 
reversibly changed to a lozenge shape with corner angles of 82° and 98°. The 
thickness of the crystal was 570 nm. b, A rectangular single crystal of 1,2- 
bis(5-methyl-2-phenyl-4-thiazolyl) perfluorocyclopentene (2) reversibly 
contracted and expanded by as much as 7%. The thickness of the crystal was 
330 nm. 
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irradiation with visible light—as expected for photochemical isomer- 
ization back to the initial open-ring isomers’. 

Ultraviolet irradiation of a single crystal of 1 changed its corner 
angles from 88° and 92° to 82° and 98°, respectively, and hence its 
shape from a square to a lozenge (or from a hexagon to a deformed 
hexagon, as shown in Supplementary Video 1). Figure 2a documents 
the time dependence of the colour and shape changes on alternate 
irradiation with ultraviolet and visible light by showing the relation 
between the absorption intensity of the crystal at 600 nm wavelength 
and its corner angle. We note that the absorption intensity increases 
with the amount of photogenerated, coloured, closed-ring isomers 
present in the crystal, which reaches 70% of all molecules at the 
photostationary state. (See Supplementary Fig. $1, which documents 
infrared absorption measurements on a crystal of 1 with a thickness 
less than 1 um, under irradiation with 365 nm light.) The data in 
Fig. 2a show that the angle initially remains unchanged and then 
decreases by as much as 5° to 6°. We found no evidence for hysteresis 
between the forward and reverse processes, but observed an interest- 
ing correlation between the absorption maximum and the shape 
change: the absorption maximum initially remained constant at 
625nm, but then shifted to 585nm as the crystal shape changed 
(see Supplementary Fig. $2). The spectral shift is attributable to the 
formation of adjacent closed-ring isomers'®. We infer from this cor- 
relation between the onset of the shape change and of the spectral 
shift that intermolecular interactions between adjacent closed-ring 
isomers induce the shape change. 

To evaluate the crystallinity of the small crystal used in the switch- 
ing experiment, its melting point and the order parameter of the 
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Figure 2 | Time dependence of the photo-response of single crystals of 1 
and 2. a, Relationship between the corner angle of the single crystal of 1 and 
the absorption intensity of the crystal measured at 600 nm on alternate 
irradiation with ultraviolet (365 nm, filled black squares) and visible 
(>500 nm, filled red circles) light. b, Relationship between the length of the 
rectangular single crystal of 2 and the absorbance of the crystal measured at 
550 nm on alternate irradiation with ultraviolet (365 nm, filled black 
squares) and visible (>500 nm, filled red circles) light. Lo, original length; L, 
length after irradiation. 
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visible absorption were measured at the photostationary state. The 
melting point of crystal 1 before photoirradiation was 164°C, 
decreased to 45-55°C on irradiation with ultraviolet light, and 
returned to 164 °C on irradiation with visible light. The melting point 
of 164°C is the same as observed with a large crystal. The order 
parameter, (Aj,—A,)/ (Aj), + 2A_), at 600 nm at the photostation- 
ary state was 0.53, which is identical to the value measured with a 
large crystal’*. (Here A, is the absorbance parallel to the long axis of 
the molecules packed in the crystal and A, is the absorbance normal 
to the axis, measured with linearly polarized light.) The recovery of 
the melting point on visible-light irradiation indicates that crystal 1 
remains highly crystalline after a cycle of irradiation with ultraviolet 
and visible light. The decrease of the melting point on ultraviolet 
irradiation is due to the coexistence of two isomers in the same 
crystal. The reversibility of the angle changes was also examined, with 
no evidence for a change in the performance of the crystal—even 
after 20 cycles of alternate irradiation with ultraviolet and visible light 
(see Supplementary Fig. S3). 

As shown in Fig. 1b, irradiation of a rectangular single crystal of 2 
with ultraviolet and visible light induces contraction and expansion, 
respectively, by as much as 7%. The correlation between the absorp- 
tion intensity of the closed-ring isomers at 550 nm and changes in the 
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Figure 3 | Reversible bending of a crystalline rod. a, Reversible bending 
of a rod-like crystal of 2 on alternate irradiation with ultraviolet (365 nm) 
light for 0.1 s and visible (>500 nm) light for 6 min (main panel). On 
irradiation with ultraviolet light, the rod-like crystal (225 X 7.5 X 5 um) 
bent and the head moved as far as 47 jum. The bent rod-like crystal 
straightened again on irradiation with visible light. The reversible bending 
could be repeated for as many as 80 cycles. Top panel, pairs of images 
showing the first, fiftieth and eightieth cycles (left to right). b, Movement ofa 
gold micro-particle by the rod-like crystal on irradiation with ultraviolet 
(365 nm) light. The gold micro-particle is 90 times heavier than the rod-like 
crystal (250 X 5 X 5 um) and appears in the images as a black spot. The 
rod-like crystal bent when it was irradiated with ultraviolet light and could 
push the gold micro-particle as far as 30 j1m. Photographs were taken with a 
high-speed camera (Phantom V7.2, Vision research) with an image 
intensifier (C6653MOD, Hamamatsu Photonics). The exposure time of each 
frame was 500 Ls (2,000 frames sec |). The numbers above the images are 
frame numbers. 
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Figure 4 | Molecular packing of a crystal of 1. Crystalline packing of 
molecules of 1in the crystal before ultraviolet irradiation and outlines of the 
crystal morphology as viewed from a, the (100) face, and b, the (010) face. 


length of the crystal is shown in Fig. 2b. Just as observed with crystal 1, 
after an induction period during the initial stage of ultraviolet irra- 
diation, the crystal length linearly decreases by about 5-7%. We 
found no evidence for any hysteresis between forward and reverse 
processes, and were able to carry out more than 20 cycles of light- 
driven contraction and expansion without evidence for any appre- 
ciable fatigue. The initial melting point of the crystal decreased from 
158 °C to 95-105 °C on ultraviolet irradiation and returned to 158 °C 
on irradiation with visible light, whereas the order parameter of the 
absorption at 550 nm at the photostationary state was as high as 0.75. 
These observations indicate that the crystal of 2 also remains highly 
crystalline after a cycle of irradiation with ultraviolet and visible light. 

We also prepared rod-like crystals of 2 (Fig. 3). X-ray crystallo- 
graphic analysis revealed that the thin, rectangular plate-like crystal 
and the rod-like crystal have the same crystal structure. The rod-like 
crystal bent on irradiation with ultraviolet light (see Supplementary 
Video 3), with the bending moving towards the direction of the 
incident light; one end of the rod was fixed to the glass plate. We 
ascribe this effect to a gradient in the extent of photoisomerization 
caused by the high absorbance of the crystal, so that the shrinkage of 
the irradiated part of the crystal causes bending—just as in a bimetal. 
The bent rod-like crystal became straight again on irradiation with 
visible light. Such reversible bending on alternate irradiation with 
ultraviolet and visible light could be repeated over 80 cycles (Fig. 3a). 
The power produced during bending is illustrated in Fig. 3b, which 
shows how the photoinduced bending of a rod-like crystal (250 < 
5 X 5 uum) moves a gold micro-particle with a weight 90 times greater 
than the single crystal over a distance of 30 lum (see also Supplemen- 
tary Videos 4 and 5). As before, the rod-like crystal straightened again 
on irradiation with visible light. 

The photoreaction of diarylethenes in crystals takes place in less 
than 10 ps (ref. 17), but it is not clear how this timescale relates to that 
of the mechanical changes of the crystal. To reveal the dynamics of 
the crystal bending, a high-speed camera with an image intensifier 
was used to measure the bending rate after irradiation with pulsed 
laser light (wavelength 355 nm; pulse width, 8 ns; power, 60 mJ per 
pulse). Following irradiation with a single 8-ns-long pulse, the bend- 
ing of the crystal was found to be almost complete within 25 j1s (see 
Supplementary Fig. $4). This very fast response time is about 10° 
times faster than previously seen with polymer systems”"°, and is 
comparable to the response time of piezoelectric devices. 
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Red arrows in diagrams below show the direction of contraction of the 
crystal (c axis). 


X-ray crystallographic analysis of the crystals of 1 and 2 was carried 
out before and after ultraviolet-light irradiation (see Supplementary 
Methods and Supplementary Figs S5—S7), and supports the view that 
the crystalline photochromism is an unusual example of a single 
crystal to single crystal phototransformation'*~”° in terms of revers- 
ibility and macroscopic shape deformation. In conventional single 
crystal to single crystal transformations, changes in the cell dimen- 
sions are very small and macroscopic shape changes in the respective 
crystals are accordingly imperceptible. In contrast, the crystals 
studied here exhibit large and reversible macroscopic crystal-shape 
changes that accompany the photoisomerization of the molecules in 
the crystal lattice of the open-ring isomers. Even if closed-ring iso- 
mers are produced in the crystal lattice of the open-ring isomers, the 
space group remains the same (see Supplementary Tables $1 and S2). 
The specifics of the structural changes of the molecules in the crystals 
and the effect of these changes on the molecular packing in the 
crystals are therefore considered to have an important role in the 
large shape-changes observed. 

Figure 4 shows the molecular packing of crystal 1 before ultraviolet 
irradiation, as seen when viewed from the (100) and (010) faces'>. 
The change from a square to a lozenge shape indicates that the crystal 
contracts along the caxis and expands along the b axis. The molecular 
structures of the open- and closed-ring isomers of molecule 1 within 
the crystal, as determined by X-ray crystallographic analysis, indicate 
that the twisted thiophene rings become coplanar and that the thick- 
ness of each molecule is reduced as the molecule converts from the 
open- to the closed-ring isomer (see Supplementary Fig. $5). The co- 
facial packing of the thin layers of the planar closed-ring isomers 
along the caxis allows the molecules to be stacked one-by-one, result- 
ing in the contraction along the c axis. A similar situation was ob- 
served for a crystal of 2 (see Supplementary Figs S6 and S7). That is, 
the transformation of each individual diarylethene molecule on 
photoirradiation influences the intermolecular interactions within 
the crystal so as to induce stacking of molecules, which then results 
in the macroscopic deformation of the crystal (see Supplementary 
Fig. S8). 
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Evidence for wavelike energy transfer through 
quantum coherence in photosynthetic systems 


Gregory S. Engel’”, Tessa R. Calhoun’”, Elizabeth L. Read'*, Tae-Kyu Ahn”, Tomas Manéal'+, 
Yuan-Chung Cheng”, Robert E. Blankenship** & Graham R. Fleming’ 


Photosynthetic complexes are exquisitely tuned to capture solar 
light efficiently, and then transmit the excitation energy to reac- 
tion centres, where long term energy storage is initiated. The 
energy transfer mechanism is often described by semiclassical 
models that invoke ‘hopping’ of excited-state populations along 
discrete energy levels'”. Two-dimensional Fourier transform elec- 
tronic spectroscopy’ has mapped’ these energy levels and their 
coupling in the Fenna—Matthews—Olson (FMO) bacteriochloro- 
phyll complex, which is found in green sulphur bacteria and acts 
as an energy ‘wire’ connecting a large peripheral light-harvesting 
antenna, the chlorosome, to the reaction centre’ *. The spectro- 
scopic data clearly document the dependence of the dominant 
energy transport pathways on the spatial properties of the 
excited-state wavefunctions of the whole bacteriochlorophyll 
complex®'®. But the intricate dynamics of quantum coherence, 
which has no classical analogue, was largely neglected in the ana- 
lyses—even though electronic energy transfer involving oscillat- 
ory populations of donors and acceptors was first discussed more 
than 70 years ago'', and electronic quantum beats arising from 
quantum coherence in photosynthetic complexes have been pre- 
dicted’*”* and indirectly observed"*. Here we extend previous two- 
dimensional electronic spectroscopy investigations of the FMO 
bacteriochlorophyll complex, and obtain direct evidence for 
remarkably long-lived electronic quantum coherence playing an 
important part in energy transfer processes within this system. 
The quantum coherence manifests itself in characteristic, directly 
observable quantum beating signals among the excitons within the 
Chlorobium tepidum FMO complex at 77 K. This wavelike char- 
acteristic of the energy transfer within the photosynthetic complex 
can explain its extreme efficiency, in that it allows the complexes to 
sample vast areas of phase space to find the most efficient path. 
In two-dimensional Fourier transform electronic spectroscopy, 
three pulses and a strongly attenuated local oscillator are incident 
on the sample. (For a detailed description of the method and the 
apparatus used in this study, see refs 3, 5, 15.) In the simplest time 
domain representation, the first pulse creates a coherence that 
evolves for time t, then the second pulse creates an excited-state 
population that evolves for time T, and the third pulse creates a 
coherence that accumulates phase in the opposite direction for time 
t before rephasing occurs and a signal pulse is emitted in the unique 
phase-matched direction. The full electric field of the signal pulse is 
measured through heterodyne detection using spectral interfero- 
metry. In a frequency domain representation, two-dimensional 
Fourier transform electronic spectroscopy probes electronic cou- 
plings and energy transfer in molecules by mapping how excitations 
before the population time T affect emission after the population 


time. The coherence wavelength represents the initial excitation, 
while the rephasing wavelength can be thought of as the subsequent 
emission. Without coupling, contributions from excited-state absorp- 
tion and emission cancel each other, yielding no off-diagonal peaks in 
the spectrum that signal such coupling. But in the presence of cou- 
pling, the cancellation is no longer complete and a so-called cross- 
peak emerges'®. Two-dimensional spectroscopy thus provides an 
excellent probe of the coupling between energy levels. 

In the present experiment, we use two-dimensional electronic 
spectroscopy to observe oscillations caused by electronic coherence 
evolving during the population time in FMO. Such quantum coher- 
ence, a coherent superposition of electronic states analogous to a 
nuclear wavepacket in the vibrational regime, is formed when the 
system is initially excited by a short light pulse with a spectrum that 
spans multiple exciton transitions. Theoretical predictions indicate 
that both the amplitudes and shapes of peaks will contain beating 
signals with frequencies corresponding to the differences in energy 
between component exciton states’”. 

To observe the quantum beats, two-dimensional spectra were 
taken at 33 population times T, ranging from 0 to 660 fs. Representa- 
tive spectra are shown in Fig. 1 and a video of the spectral evolution is 
included in the Supplementary Information. In these spectra, the 
lowest-energy exciton gives rise to a diagonal peak near 825 nm that 
clearly oscillates: its amplitude grows, fades, and subsequently grows 
again. The peak’s shape evolves with these oscillations, becoming 
more elongated when weaker and rounder when the signal amplitude 
intensifies. The associated cross-peak amplitude also appears to oscil- 
late. Surprisingly, the quantum beating lasts for 660 fs. This obser- 
vation contrasts with the general assumption that the coherences 
responsible for such oscillations are destroyed very rapidly, and that 
population relaxation proceeds with complete destruction of coher- 
ence’ (so that the transfer of electronic coherence between excitons 
during relaxation is usually ignored*'*"). 

We note that this issue has been discussed theoretically, and that 
some theoretical models include coherence among both donors and 
acceptors’; however, coherence must be treated between all chro- 
mophores to ensure that the model will accurately reproduce the 
dynamics of the system’’. In the case of FMO, theoretical models 
indicate that electronic coherence should dephase on the timescale 
of the initial population transfer, established by experiment to be less 
than 250fs for all but excitons 1 and 3 (refs 2, 22). The strong 
quantum beating that we observe to last for at least 660 fs clearly 
exceeds the model predictions. We believe that to account for this 
long-lived coherence and provide an accurate description of the sys- 
tem, the protein must have a more active role in a realistic bath 
model; that is, it must be allowed to interact with both donors and 
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Figure 1| Two-dimensional 
electronic spectra of FMO. Selected 
two-dimensional electronic spectra 
of FMO are shown at population 
times from T = 0 to 600 fs 
demonstrating the emergence of the 
exciton 1-3 cross-peak (white 
arrows), amplitude oscillation of 
the exciton 1 diagonal peak (black 
arrows), the change in lowest- 
energy exciton peak shape and the 
oscillation of the 1-3 cross-peak 
amplitude. The data are shown with 
an arcsinh coloration to highlight 
smaller features: amplitude 
increases from blue to white (for a 
three-dimensional representation 
of the coloration see Fig. 3a). 
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Figure 2 | Electronic coherence 
beating. a, A representative two- 
dimensional electronic spectrum 
with a line across the main diagonal 
peak. The amplitude along this 
diagonal line is plotted against 
population time in b with a black 
line covering the exciton 1 peak 
amplitude; the data are scaled by a 
smooth function effectively 
normalizing the data without 
affecting oscillations. A spline 
interpolation is used to connect the 
spectra; the times at which spectra 
were taken are denoted by tick 
marks along the time axis. c, The 
amplitude of the peak 
corresponding to exciton 1 shown 
with a dotted Fourier interpolation. 
d, The power spectrum of the 
Fourier interpolation in ¢ is plotted 
with the theoretical spectrum 
showing beats between exciton 1 
and excitons 2-7. 
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acceptors, to enable coherence transfer and possibly the generation of 
new coherences. 

Our further investigation of these spectral oscillations focuses on 
the best-resolved spectral features in the two-dimensional electronic 
spectra, that is, the lowest exciton diagonal peak and associated cross- 
peak. In Fig. 2, we show the amplitude oscillations with time along 
the main diagonal of the spectrum. Because of the non-uniform 
spacing of the data points, converting the data to a unique power 
spectrum is not possible; instead, we map the data onto a Fourier 
subspace using a non-uniform fast Fourier transform algorithm”. 
The sampled amplitude variations of the lowest-energy exciton 
are shown with a Fourier interpolation from the subspace that 
was selected to be maximally consistent with the excitonic model. 
The theoretical excitonic coherence line spectrum was calculated 
using the exciton energies from the hamiltonian in ref. 6, and 
the relative amplitudes were calculated using orientationally aver- 
aged response magnitudes for the associated cross-peak path- 
ways'°74?5, 

The agreement between the data, the Fourier interpolation and the 
theoretical exciton spectrum demonstrates that the quantum beating 
observed is fully consistent with electronic coherence (analyses of 
beating in more peaks are shown in the Supplementary Informa- 
tion), and we present comparisons to an independent theoretical 
lineshape prediction to confirm this conclusion. Further, because 
the predicted orientational factor is identical for a diagonal exciton 
beating and for a cross-peak, that the amplitude of the beat is of the 
order of the amplitude of the cross-peak even at long times (>500 fs) 
indicates that the electronic coherence can play a significant role in 
determining the overall relaxation dynamics within the protein com- 
plex. This observation suggests that coherence relaxation pathways, 
including coherence transfer, should no longer be disregarded in 
theoretical models of photosynthetic protein complexes. 

A predicted’ signature of quantum beating in a dimer system is 
out-of-phase modulation of the diagonal and antidiagonal widths of 
a peak relative to its amplitude, with the peak predicted to become 
rounder as it gets stronger. Figure 3 documents precisely this beha- 
viour in the lowest exciton state. We note that if this oscillation were 
due to vibrational wavepacket motion, the exciton peak would be 
expected instead to oscillate in frequency but maintain constant 
volume. The peak shape oscillations we see have not previously been 
observed in two-dimensional spectra, in which the peak width along 
the antidiagonal direction is generally an indicator of the extent of 
homogeneous broadening, whereas the peak width along the diag- 
onal provides a measure of inhomogeneous broadening. In this 
context, the width modulation we observe would be akin to losing 
memory of the initial state, and subsequently regaining that memory. 
Clearly, this interpretation is not applicable while coherence persists. 
The unusual nature of the width modulation evident in our data and 
its agreement with the predicted” characteristics of quantum beating 
further strengthens our conclusion that the beating we measure is due 
to excitonic quantum coherence. 

Figure 4 shows that a Fourier interpolation of the beating spectrum 
apparent in the cross-peak between excitons 1 and 3 can again be 
explained by the expected exciton beating spectrum. The beating 
signal shows frequency components from all excitons coupled to 
either excitons 1 or 3, and a very strong component from the beat 
frequency between the two coupled excitons (1 and 3) that give rise to 
the cross peak. However, the cross-peak amplitude and associated 
beating do not appear strongly at time T= 0; this provides strong 
evidence for the existence of electronic coherence transfer in this 
system, with one superposition, for example between excitons 3 and 
5, transferred into a superposition between excitons 3 and 1. 

The observations illustrated in Figs 2-4 clearly demonstrate that 
any full description of FMO dynamics needs to account for coherence 
between donors and acceptors, and for coherence transfer on a 
similar timescale to population relaxation. While our spectra are 
recorded at 77 K and the coherence among members of the ensemble 
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will dephase faster at higher temperatures, quantum coherence will 
also be important at higher temperatures. This is because the under- 
lying hamiltonian, dynamics and relaxation pathways associated 
with superposition states of individual complexes do not depend 
on dephasing of the ensemble properties observed in a measurement. 
In an ensemble sense, the presence of quantum coherence means that 
the mean square displacement of the initial excitation from a 
quantum walk increases quadratically with time rather than linearly 
as in diffusive hopping of excitation”®. 

But a more microscopic picture of the implications of such 
quantum coherence for energy transfer can be found by considering 
an individual complex: superposition states formed during a fast 
excitation event allow the excitation to reversibly sample relaxation 
rates from all component exciton states, thereby efficiently directing 
the energy transfer to find the most effective sink for the excitation 
energy (which, in the isolated FMO complex, is the lowest energy 
state). When viewed in this way, the system is essentially performing 
a single quantum computation, sensing many states simultaneously 
and selecting the correct answer, as indicated by the efficiency of the 
energy transfer. In the presence of quantum coherence transfer, such 
an operation is analogous to Grover’s algorithm, with the hamilto- 
nian describing both relaxation to the lowest energy state and coher- 
ence transfer (refilling the coherence lost from the transfer to the 
lowest-energy state)”; such a scheme can provide efficiency beyond 
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Figure 3 | Characteristic anticorrelation between peak amplitude and 
width. The anticorrelation shown in b between the amplitude of the 
diagonal exciton peak (black line in a) and the ratio of the diagonal to 
anti-diagonal widths of the peak (red lines in a) is a characteristic predicted 
from theory for exciton quantum beating'’. This pattern would not arise 
from phonon coupling and highlights the change in integrated line 
strength associated with quantum beating. 
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Figure 4 | Quantum beating in cross peaks. a, The raw amplitude of the 
exciton 1-3 cross-peak, with a Fourier interpolation of the points (dotted 
line). b, The power spectrum of this interpolation (dotted line), the exciton 
beating line spectra of both excitons 1 and 3 (black), and the 1-3 beat 
frequency (red). We expect that the other frequencies may couple to this 
cross-peak but that the dominant frequency corresponds to the red 
transition. The apparent low-frequency peak is due to the growth of the 
cross-peak amplitude and appears as a peak because the data were de- 
meaned (mean subtracted from the data) before the transform to improve 
numerical accuracy, pinning the zero-frequency component to zero. 


that ofa classical search algorithm. This mechanism contrasts with a 
semiclassical ‘hopping’ mechanism through which the excitation 
moves stepwise from exciton state to exciton state, dissipating energy 
at each step, which would be similar to a classical search where only 
one state can be occupied at any one time. Such a mechanism also 
raises the possibility of non-local events, although more detailed 
analysis is needed before we can determine whether such effects are 
present in FMO. 

The FMO light-harvesting complex provides an opportunity to 
apply more complete energy transfer theories that invoke non- 
markovian dynamics and include coherence transfer. Such theories 
need to include wavelike energy motion owing to long-lived coher- 
ence terms, alongside the population transfer included in current 
models. Further, the observed preservation of coherence in this 
photosynthetic system requires us to redefine our description of the 
role of electron—phonon interactions within photosynthetic proteins. 
In particular, the protein may not only enforce the structure that gives 
rise to the couplings, but also modulate those couplings with motions 
of charged residues and changing local dielectric environments, which 
will change exciton energies and promote coherence transfer. 


METHODS 

Sample preparation. The FMO sample was isolated from Chlorbium tepidum as 
published previously’. The sample was dissolved in a buffer of 800 mM tris/HCl 
pH 8.0, 50 mM NaCl with 0.1% lauryldimethylamine oxide as a detergent. The 
sample was then mixed 65:35 v/v in glycerol, placed in a 200m quartz cell 
(Starna). The sample was cooled in a cryostat (Oxford Instruments) to 77K. 
The absorbance of the sample at 805 nm was then measured to be 0.16. 
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Data acquisition. A home-built oscillator was used to seed a home-built regen- 
erative amplifier to produce a 3.4 kHz pulse train of 41 fs pulses centred about 
808 nm with a spectral width of 31 nm full-width at half-maximum (FWHM)”. 
The stability of the laser system through the data acquisition period was mea- 
sured to be 0.28% to 0.44%. The laser pulse width was measured with both 
autocorrelation (38 fs FWHM) and frequency resolved optical gating (FROG) 
(41 fs FWHM). 

A diffractive optic was used to create two pairs of phase-locked beams, and all 
beams were incident on the same optics, aside from the one-degree fused silica 
wedges (Almaz Optics) used for delay stages. The delay stages were calibrated 
using spectral interferometry and have been shown to have attosecond stability 
and reproducibility’. During data collection, the coherence time was stepped 
in 4 fs steps from —600 to 600 fs. Population times were sampled at 0, 10, 20, 30, 
40, 50, 65, 80, 95, 110, 125, 140, 155, 170, 185, 200, 220, 240, 260, 280, 300, 330, 
360, 390, 420, 450, 480, 510, 540, 570, 600, 630 and 660 fs. Additional points were 
taken at — 1,000 fs to ensure that the signal observed was not an artefact. The 
sample was moved after every third data point, and some data points were 
repeated to ensure that the sample was not degrading during measurements. 

The local oscillator was attenuated with a neutral density filter combination of 

absorbance 3.5 at 800 nm. The total power incident on the sample was 15 nJ (5 nJ 
per pulse) focused to a spot size of less than 70 um. The resulting signal and 
heterodyne beam were frequency-resolved with a spectrometer (Acton Research) 
and captured on a 1,340 X 5 pixel region of our charge-coupled device (CCD) 
array (Princeton Instruments). Scatter subtraction, Fourier windowing and 
transformation to frequency—frequency space was done as reported prev- 
iously*'’. Pump—probe data were taken for accurate phasing of the two dimen- 
sional spectra. 
Data modelling. To model the beat patterns in the data series, a non-uniform 
fast Fourier transform algorithm was used to search for Fourier power series that 
matched the data and were consistent with expected power spectrum. Because of 
the unequal spacing, a unique answer does not exist. The non-uniform fast 
Fourier transform power spectra were estimated using a modified 4th-Jackson 
kernel, and the results were then transformed back using a standard fast Fourier 
transform library (FFTW; www.fftw.org)”*°. To scale the data and eliminate 
spectral components from population dynamics, a smooth function with an 
exponential growth of the order of the pulse width and an exponential decay 
matched to the population dynamics in the main peak was used. 
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A periodic shear-heating mechanism for 
intermediate-depth earthquakes in the mantle 


Peter B. Kelemen’ & Greg Hirth? 


Intermediate-depth earthquakes’, at depths of 50-300 km in sub- 
duction zones, occur below the brittle—ductile transition, where 
high pressures render frictional failure unlikely. Their location 
approximately coincides with 600 to 800 °C isotherms in thermal 
models’, suggesting a thermally activated mechanism for their ori- 
gin. Some earthquakes may occur by frictional failure owing to high 
pore pressure that might result from metamorphic dehydration’. 
Because some intermediate-depth earthquakes occur ~30 to 50 km 
below the palaeo-sea floor’, however, the hydrous minerals re- 
quired for the dehydration mechanism may not be present. Here 
we present an alternative mechanism to explain such earthquakes, 
involving the onset of highly localized viscous creep in pre-existing, 
fine-grained shear zones. Our numerical model uses olivine flow 
laws for a fine-grained, viscous shear zone in a coarse-grained, 
elastic half space, with initial temperatures from 600-800 °C and 
background strain rates of 107!” to 10” '° s~ '. When shear heating 
becomes important, strain rate and temperature increase rapidly 
to over 1s~' and 1,400 °C. The stress then drops dramatically, 
followed by low strain rates and cooling. Continued far-field defor- 
mation produces a quasi-periodic series of such instabilities. 

There is geological and geophysical evidence for our proposed 
mechanism. In shallow mantle peridotite there are mylonitic shear 
zones (1-100 um olivine) within residual peridotite (~5-10 mm 
olivine)’. Fine-grained shear zones form by recrystallization and 
annealing of gouge along oceanic transforms, subduction-related 
thrusts, and faults at the “outer rise’. Outer-rise earthquakes extend 
to =40 km”, and their reactivation may play a role in intermediate- 
depth earthquakes''. Mixing of olivine and pyroxene in mylonites’* 
by viscous or cataclastic processes limits grain growth, owing to grain 
size pinning. Thus, fine-grained shear zones probably persist for 10° 
to 10° years at shallow mantle temperatures". Fine-grained shear 
zones have a significantly lower viscosity than surrounding rock 
when heated to higher temperatures. Some peridotite shear zones 
reach extremely high temperatures, sufficient to form veins of melt 
that rapidly cool and are chilled to glass, known as ‘pseudotachylites’ 
(see ref. 14), and some deep earthquakes may involve melting”. 

Shear-heating instabilities have been the subject of previous stud- 
ies'®*'. Positive feedback between strain-rate-dependent shear heat- 
ing and temperature-dependent strain rate drives rapidly increasing 
strain rate. These studies indicate that instability can occur, but have 
not yielded a model for periodic instability. Recent work has inves- 
tigated unstable and stable deformation involving shear heating and 
grain-size-sensitive creep**~* and localization with transient heating 
arising from low-temperature plasticity”. 

Inspired by Whitehead and Gans", we model periodic shear heat- 
ing in pre-existing fine-grained shear zones. Our work differs from 
previous studies in (1) positing pre-existing, fine-grained shear zones 
which localize grain-size-sensitive creep, rather than ad hoc, localized 


temperature perturbations, (2) using experimental flow laws, includ- 
ing grain boundary sliding, for olivine, and (3) limiting the max- 
imum temperature. 

Our model tracks the behaviour of a fine-grained, viscous shear 
zone with width w,,, adjacent to a block of elastic peridotite with 
width w,,, and a constant velocity on the far side of the elastic zone 
(Fig. 1). To model strain rate in the shear zone, we use olivine flow 
laws for dislocation creep, diffusion creep, and grain boundary slid- 
ing’®, plus low-temperature plasticity’’, and sum these to determine 
the total viscous strain rate, yiscous- The Supplementary Information 
reports the flow laws. 

Shear heating and diffusion control the shear-zone temperature: 


dT/dt= —K[d?T /dx?] + 6 bviscous/(Cpp) (1) 


for T< 1,400 °C, where x is thermal diffusivity, C, is heat capacity 
and p is density. The Crank Nicholson method is used to calculate 
temperature over a 10-km-wide region around the shear zone. 

At and above ~1,400°C in shallow mantle peridotite, melting 
would rapidly decrease viscosity, stress, and the amount of shear 
heating, so we impose an upper bound for temperature by setting 
the second term in equation (1) to zero when the shear zone reaches 
1,400 °C. As discussed in the Supplementary Information, a more 
complex formulation would incorporate the effect of melting on 
viscosity and temperature. 

We used far-field strain rates of 10~'” to 107 '° s~', set by the ratio 
of the far-field velocity to the elastic zone width, w,,. Total strain is 
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Figure 1| Schematic illustration of some numerical model conditions and 
results. Blue lines show displacement at high stress and low temperature, 
before any shear heating instability. At this point, viscous deformation in the 
shear zone is negligible compared to the far-field displacement and 
deformation is distributed. Red lines show displacement at low stress and 
high temperature, after the first shear heating instability has occurred. At 
this time, viscous displacement has accommodated most of the far-field 
displacement, and deformation of the elastic zone has decreased. 
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the product of total time elapsed and far-field velocity divided by 
Wez + Wz 

Stress is constant everywhere at each time step, and is the “elastic 
stress’: 


(2) 
where the shear modulus G=5 X 10'°Pa (inertial terms are dis- 
cussed in the Supplementary Information). 

Our results are essentially independent of grain size in the shear 
zone for initial grain size <10mm. Because grain growth may be 
limited by second-phase pinning”’’, we could justifiably impose a 
maximum grain size of 10}1m in our models. However, we model 
grain-size evolution in the shear zone and in a fictive ‘wall rock’ 
because a crucial assumption is that viscous deformation remains 
localized within fine-grained shear zones. This assumption would 
be violated if (1) extensive viscous deformation took place via a grain- 
size-independent mechanism (dislocation creep, low-temperature 
plasticity), or (2) ifshear-zone grain growth during high-temperature, 
low-stress periods (or wall-rock grain-size reduction during high- 
stress periods) eliminated the grain-size contrast between shear zone 
and ‘wall rock’. The ‘wall rock’ undergoes the same stress and tem- 
perature history as the shear zone, but has an initial grain size of 
10mm. We used a steady-state grain-size piezometer for olivine, 
where the grain size is attained after a critical strain at a given stress, 
and an expression for diffusive grain growth (see Supplementary 
Information). 

Typical results are illustrated in Figs 2 and 3, and in Supplementary 
Fig. S1. Shear heating events occur with a period of 200 to 250 years 
(Figs 2a, 3a). These are driven by accelerating viscous strain and shear 
heating (Figs 2b, 3b), which result from increasing stress between 
events (Fig. 2c) as viscous displacement lags behind far-field displace- 
ment (Figs 2d, 3d). About half the stress drop and displacement 
during shear heating events occurs while strain rates are greater than 
1s | (Figs 3c, d). Thus, our model includes pre- and post-seismic 
creep as well as seismic deformation. The grain size in the shear 


o=G [(Wer ar Wez)*Etotal > WszEviscous| /(Wez + Wer) 
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Figure 2 | Numerical model results for To = 650 °C, wez = 1km, wz = 2 m, 
do = 80 MPa, gso ~ 50 um, adjacent ‘wall rock’ grain size of 10 mm, and 
far-field velocity of 0.1myr~'. The light blue rectangle highlights the time 
interval from 7,600 to 8,600 years, shown in detail in Fig. 3 and 
Supplementary Fig. $1. a, Time versus temperature. b, Time versus strain 
rate. c, Time versus stress. d, Time versus displacement. ‘Far field’, 
displacement on the free edge of the elastic zone (left side of Fig. 1); ‘shear 
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zone remains small despite grain growth during periods of high 
temperature and low stress (Fig. 2e). Displacement in the shear zone 
is much larger than in the fictive ‘wall rock’ (Figs 2d, f), supporting 
our assumption that viscous strain in the shallow mantle can remain 
localized within pre-existing, fine-grained shear zones. 

Between heating events, thermal diffusion cools the shear zone and 
heats its surroundings. The shear zone never cools to its initial tem- 
perature; instead, the starting temperature increases for each success- 
ive heating event (Fig. 2a). Once the adjacent ‘wall rock’ temperature 
reaches ~850°C, subsequent displacement is accommodated by 
steady-state creep in the shear zone, and instabilities cease. 

To first order, the period between heating events is proportional to 
the reciprocal of the far-field strain rate (see Supplementary Fig. S2). 
In model runs with lower strain rates, more instabilities occur before 
the system reaches steady-state, owing to longer cooling intervals. 
Decreasing the initial temperature extends the time interval between 
the onset of shear heating events and the transition to steady, viscous 
deformation in the shear zone. At a given far-field strain rate, 
decreasing the elastic-zone width w,, decreases the period between 
shear heating events and the viscous displacement during events, and 
also tends to stabilize the model system. 

A steady-state approximation provides a first-order confirmation 
of the numerical results. At steady state, the diffusive temperature 
flux is equal to the shear heating flux, which can be approximated 
with a linear thermal gradient around the shear zone, extending over 
a diffusion-zone width wg,. The grain size is set by a steady-state 
piezometer*® (Supplementary equation S6), and the strain rate is 
constant. We used the grain boundary sliding mechanism (Sup- 
plementary equation $3), the dominant creep mechanism in our 
model. These assumptions yield: 


o= {é/[4.4 x 10-9 Aeg MRM} NE 


(3) 


This expression is nonlinear because steady-state temperature (T;,,.) 
and strain rate are functions of stress (Supplementary equations S3 
and S12). 


© 1,500 
@ 1,000 
aa 
= 
no 
n 
2 
@ 500 
0 
2.5 0 0.5 1 1.5 2 25 
f 
104 —— Shear zone 
—— Wall rock 
me —— Difference 
Ef 1; 
= TOT mm , 
102 
Cc 
ic 
10} 
10° 
1.5 2 25 0 0.5 ‘1 15 2 25 


Time (x104 years) 


zone’, displacement on the moving side of the shear zone (cumulative shear- 
zone strain X w,, X time; left side of shear zone in Fig. 1); ‘wall rock’, 
displacement in a fictive ‘wall rock on the left side of the shear zone with an 
initial grain size of 10 mm that undergoes the same temperature and stress 
history as the shear zone. e, Time versus shear-zone grain size. f, Time versus 
shear-zone and wall-rock grain size, with the difference (‘wall rock’ minus 
grain size) shown in red. 
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Figure 3 | Same model run as in Figs 2, 4 and Supplementary Fig. $1, but for 
a 30s time interval centred on the maximum heating rate in the shear 
heating event at ~8,040 years. The light blue rectangle highlights the 
narrow time interval when strain rates are greater than 1 s_ 1 a, Time versus 
temperature. b, Time versus strain rates. “Total’, the sum of strain rates from 


Equation (3) yields two sets of stable solutions (Fig. 4), one at high 
stress and low temperatures and another for low stress and unreal- 
istically high temperatures. Steady-state stress and strain can also be 
calculated for constant temperature. At 1,400 °C, steady-state stress is 
proportional to strain rate to the sixth power. The arrows in Fig. 4a 
depict how the system jumps between low and high temperature 
stable states. The non-dimensional Whitehead number: 


W =(Tos — Tx) / Tao = 0 & Woz Waz/(Cyp K Tx) (4) 


relates T,, to far-field temperature, T... When the Whitehead number 
is ~1, shear heating has a significant effect on steady-state temper- 
ature and strain rate, and the shear zone jumps from the low- to the 
high-temperature regime (Supplementary Fig. S3). 

Steady-state solutions are compared to numerical model results in 
Fig. 4b and c. For initial model temperature Ty of 650 °C, evolution of 


LETTERS 


Strain rate (s~') 


a 


800 


795 


Displacement (m) 


790 


785 
-10 -5 0 5 10 15 20 


Time (s) 
all four flow laws; ‘Disl’, dislocation creep (Supplementary equation S1); 
‘Diff, diffusion creep (Supplementary equation $2); “Gbs’, grain boundary 
sliding (Supplementary equation $3), ‘Low T’, low-temperature plasticity 
(Supplementary equation $4). ¢, Time versus stress. d, Time versus 
displacement. 


the model shear zone from 650 to 670°C occurs at low strain rates 
with slow heating, close to steady state. However, because the velocity 
along the moving wall of the shear zone is smaller than the far-field 
velocity, stress rises. Above 670 °C, rapid heating and acceleration of 
strain occurs, until the maximum temperature of 1,400 °C is attained. 
At high temperature and high strain rates, model results again 
approximate steady state. However, in this case, the velocity of the 
model shear-zone boundary is greater than the far-field velocity, so 
the stress decreases rapidly. As the stress decreases, the shear zone 
cools, followed by a jump to a near-steady state at a new, slightly 
higher To. 

Our results establish the possibility of repeated earthquake gen- 
eration via viscous shear heating. Nucleation sites for the instability 
may originate during earthquakes at oceanic transforms and the 
outer rise of subduction zones’. Thus, pre-existing fine-grained 
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Figure 4 | Results of steady-state analysis, with Tp = 650 °C and 700 °C, 
Wsz ~ 1mand wg, ~ 10 and 100 m. a, Steady-state strain rate versus stress. 
The light blue field in the upper left encloses stable solutions for low- 
temperature steady states. The black line joins steady-state solutions (yellow 
circles) for a constant temperature of 1,400 °C. Large arrows schematically 
illustrate the ‘limit cycle’ followed by a shear zone at a close approach to 
steady state with an initial temperature of 650 to 700 °C and a maximum 


Strain rate (s-’) 


Temperature (°C) 


temperature of 1,400 °C. Supplementary Fig. S3 illustrates steady-state 
temperature, strain rate, and stress versus Whitehead number. When the 
Whitehead number passes through ~1, temperature, strain rate and stress 
jump from low to high temperature values. b, c, Plots of strain rate versus 
stress, and temperature versus strain rate, comparing the numerical results 
from the model run illustrated in Fig. 2 (blue line) to the predicted steady- 
state values from 650 to 670 °C (red circles) and at 1,400 °C (yellow circles). 
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zones have dimensions appropriate for intermediate depth earth- 
quakes as well. In the models, slip velocities greater than lms ' 
occur in the shear zone for several seconds. As shown in the 
Supplement, stress drops during heating events in our model are 
limited by the rate of elastic relaxation because the hot, fine-grained 
shear zone essentially has no strength, and far-field displacement is 
negligible during these short events. 

An intriguing feature of intermediate-depth earthquakes is that 
they occur mainly between 600 and 800 °C (refs 2, 4, 9, 12). The shear 
heating mechanism described in this paper operates only within 
this restricted range of temperature. Above 850 °C, the shear zone 
deforms at steady-state. Below 600 °C, the stress required to drive 
the instability in our numerical model is very high (>1.6 GPa). This 
is far below the brittle fracture strength at pressures of 4 to 6 GPa (ref. 
30). However, at such high stresses, grain-size-independent, low- 
temperature plasticity would distribute deformation over a broad 
region. We conclude that periodic viscous shear heating instabilities 
can account for intermediate depth earthquakes within the narrow 
temperature interval in which they are observed. 
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Grassland species loss resulting from reduced 


niche dimension 


W. Stanley Harpole' & David Tilman? 


Intact ecosystems contain large numbers of competing but co- 
existing species. Although numerous alternative theories have 
provided potential explanations for this high biodiversity, there 
have been few field experiments testing between these theories. In 
particular, theory predicts that higher diversity of coexisting com- 
petitors could result from greater niche dimensionality’, for 
example larger numbers of limiting resources or factors. Alter- 
natively, diversity could be independent of niche dimensionality 
because large numbers of species can coexist when limited by just 
one or two factors if species have appropriate trade-offs*. Here we 
show that plant coexistence and diversity result from the ‘niche 
dimensionality ofa habitat. Plant species numbers decreased with 
increasing numbers of added limiting soil resources (soil mois- 
ture, nitrogen, phosphorus and base cations), which is consistent 
with theoretical predictions that an increased supply of multiple 
limiting resources can reduce niche dimension. An observational 
field study gave similar results. The niche dimension hypothesis 
also explained diversity changes in the classic Park Grass Experi- 
ment at Rothamsted. Our results provide an alternative mech- 
anistic explanation for the effects of nutrient eutrophication on 
the diversity of terrestrial, freshwater and marine ecosystems. 

Multiple resource limitation, heterogeneity, and interspecific dif- 
ferences can explain the stable coexistence of numerous competing 
species®. Niche theory predicts that resource-dependent community 
assembly imposes a stochastic limit on the similarity of coexisting 
competing species and thus limits the number of species that can co- 
exist along any particular limiting resource trade-off axis’. Resource 
addition can reduce the number of limiting resources, allowing fewer 
trade-off opportunities and thus fewer coexisting species. Additio- 
nally, an increased supply of limiting resources might change the 
stoichiometry”® or decrease the heterogeneity of limiting resources, 
thereby decreasing the size of the region of niche space for coexistence 
without necessarily reducing the number of limiting resources*’. 
Because species are evolutionarily differentiated with respect to par- 
ticular limiting resources, changes in the identity of limiting resources 
can also reduce the effective niche dimension of existing communities 
because those species may lack the requisite trait differentiation 
and trade-offs for coexistence when limited by different resources. 
Environmental change can therefore reduce the niche dimension of 
particular ecological communities through decreases in the number 
or heterogeneity of limiting resources or through changes in the iden- 
tity and stoichiometry of limiting resources*. 

To experimentally test the response of species number to increased 
supply of multiple limiting resources, we applied a factorial addition 
of nitrogen, phosphorus, cations (K*, Mg’* and Ca**) and water 
to a grassland at the University of California’s Sedgwick Reserve, 
Santa Ynez, California, USA (see Methods and Supplementary 
Information). Plant productivity was limited by all four experimental 


resources (Fig. 1; significant four-way interaction, Supplementary 
Table S1), and interactions involving N, P and water were significant 
for species loss. Resources were strongly co-limiting: we found no 
significant effect of adding any single resource, but plots that received 
all four resources had significantly greater productivity and fewer 
species than did plots that received any of the four possible combina- 
tions of three resources (Supplementary Table S2). 

To test the ‘niche dimension’ hypothesis, which predicts that de- 
creased numbers of limiting factors should lead to a decreased number 
of species, we categorized experimental resource additions as the num- 
ber of limiting resources added to a plot (that is, 0 = control, 1 = addi- 
tion of any single resource, 2 = addition of any combination of two 
resources, and so on). An increased number of resources added, with 
the objective of overcoming resource limitation, led to a nonlinear 
decrease in species number because of strong co-limitation (3.1 species 
were lost with four added resources; Fig. 2a). Changes in the supply 
of multiple limiting resources may therefore have important conse- 
quences for biodiversity in ecosystems that are strongly co-limited: 
diversity may show little response to increases in the supply of a single 
resource but show catastrophic loss of species with increases in two or 
more resources. 

The addition of multiple soil resources led to the dominance of a 
single species in our experiment and to strong decreases in light 
levels, consistent with a decrease in niche dimensionality towards 
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Figure 1| Multiple resource limitation of plant productivity. The greatest 
effect of factorial addition of resources occurred with the addition of all four 
resources: N, P, C and H represent the addition of nitrogen, phosphorus, 
cations and water. Vertical dotted lines group treatment combinations by 
the number of added resources, shown at the bottom of each group. Results 
are shown as means + s.e.m. 
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Figure 2 | Species loss with reduction of niche dimension. a, Species 
number plotted against number of added resources (R? = 0.196, P< 0.0001, 
significant quadratic term, n = 96) in the Sedgwick experiment. b, Species 
number plotted against number of resources at high supply (r = —0.23, 


single-factor limitation by light and exclusion of all except a single 
species best adapted to low light but high nutrient concentrations’. 
Bromus diandrus increased from 24% average relative biomass in the 
control plots to 56% in plots receiving all resources. All other species 
decreased with increasing numbers of added resources (for example 
Nassella pulchra decreased from 57% to 36% relative biomass, and 
Bromus hordeaceus from 13% to 4%). 

To compare our experimental results with patterns of species num- 
ber and nutrient supply in unmanipulated vegetation, we established 
215 permanent observational plots in natural grasslands at Sedgwick 
Reserve. We used buried ion-exchange resins to estimate resource 
supply for multiple potentially limiting nutrients (N, P, K and Mg; 
see Methods and Supplementary Table $3). For comparative purposes 
we categorized the supply of N, P, K and Mg in each observational plot 
as either high (above the median) or low (below the median) and 
scored plots by the number (0-4) of these four resources that were at 
high supply and were therefore less likely to be limiting. Species num- 
ber decreased with greater numbers of resources at high supply (0.5 
species were lost per resource at high supply; Fig. 2b). A loss of less than 
one species per resource may be because ‘high’ supply rates reflected a 
decrease in resource limitation rather than its complete elimination. 
Although significant, this relationship was weak (R’ = 0.053), indi- 
cating the possible importance of other limiting factors besides these 
particular nutrients as determinants of diversity in these plots. 

Our extension of the niche dimension hypothesis is essentially multi- 
variate: species number and productivity both respond directly to the 
experimental addition of resources (Fig. 3a). The joint response of 


P = 0.0008, n = 215) in the Sedgwick observational study. c, Species number 
plotted against number of added resources (R? 0.55, P= 0.016, n = 10) in 
the Park Grass Experiment. Points are jittered for clarity. 


species number and productivity to the number of resources at high 
supply was highly significant for the Sedgwick resource addition 
experiment and observational study (Fig. 3b; multivariate analysis of 
variance linear contrasts: squared canonical correlations 0.28, 0.086; 
Fy 35 = 16.88, Fo,209 = 9.89; P< 0.0001 and P< 0.0001, respectively). 
Because both species number and evenness determine species diver- 
sity, we calculated the ‘effective’ species number e”! (H is Shannon’s 
diversity index); its value is equivalent to the number of equally 
abundant species. The diversity (e) pattern across the combined 
natural and augmented productivity gradient at Sedgwick was strik- 
ingly monotonic (Fig. 3c), indicating that an increased supply of 
multiple resources decreased both species number and evenness. 
Species loss resulting from fertilization could potentially be a tran- 
sient response reflecting a local lack of species adapted to a ‘vacant 
niche’ represented by the new resource environment’. We tested 
this by using data from the longest-running resource addition ex- 
periment of which we are aware’® (see Methods). The Park Grass 
Experiment was established at Rothamsted Experimental Station 
(Harpenden, Hertfordshire, UK) in 1856 in grassland that previously 
had been mown and grazed for hundreds of years'’. Since 1856, 
plots have received annual application of fertilizers'®°. Productivity 
at this site is limited by multiple resources including N, P and K 
(ref. 12). Consistent with our experiment at Sedgwick is the obser- 
vation that increased numbers of added limiting resources led to 
decreased species number (3.3 species lost per added resource; 
Fig. 2c). Fertilization has led to species loss that has persisted for 
150 years'’, which is consistent with reduced niche dimensionality. 
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Figure 3 | Effects of multiple resource supply on diversity and productivity 
across natural and experimental productivity gradients. a, Increased 
supply of multiple resources decreases diversity through reduced niche 
dimension, and increases productivity; diversity and productivity are 
correlated. b, Joint response of species number and productivity to increased 
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number (labelled numerals) of resources added or at high supply (that is, 
reduced niche dimension). ¢, Joint response of diversity and productivity to 
increased number of resources added or at high supply. Open circles in b and 
c are observational plots; filled circles are experimental plots. Results are 
shown as means + s.e.m. 
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Although plant species number typically decreases with experi- 
mentally increased productivity'®'*"’, it is unclear how productivity 
could in itself cause species loss. The proposed causal mechanisms of 
the negative effects of resource addition on species number have been 
essentially indirect ones mediated through effects of productivity on 
light and litter'’”’, or through consumers*””’. In our experiment, 
resource addition increased production, and consequently increased 
litter (R’ = 0.13, P= 0.0003) and exponentially decreased light levels 
(R’ =0.31, P<0.0001), suggesting possible indirect effects of 
resource limitation on species number. 

To quantify the relative importance of niche dimensionality (the 
direct effects of the number of limiting resources) as opposed to 
potential indirect effects of resource addition on species number 
mediated by productivity, we compared regression models of the 
number of added resources, light and litter with the use of Akaike’s 
information criteria. We also included productivity as a predictor 
because it may proximally affect diversity through undetermined 
mechanisms. Although productivity, but not litter or light, predicted 
species number, the most parsimonious model (lowest Akaike’s 
information criterion) included only the number of added resources 
(Supplementary Table S4a). The number of added resources was 
significant in every model predicting species number when it 
appeared last, supporting the hypothesis that niche dimensionality 
contributed to species number even after controlling for potential 
indirect effects of productivity. Comparing models of e”, we found 
that both niche dimension and litter may have been important in 
determining diversity in this experiment (Supplementary Table S4b). 

Our results suggest that a combination of a decreased number of 
limiting resources and changes in the identity of limiting factors result- 
ing from indirect effects of productivity led to decreased niche dimen- 
sion and diversity. Decreased resource heterogeneity may also have 
contributed to decreased niche dimension. Although we did not mea- 
sure resource heterogeneity in this experiment, in a parallel experiment 
at Sedgwick the addition ofN at4gm “yr ' increased mean inorganic 
soil N from 2.02 to 7.03 mgkg ' (P= 0.001, n= 16) and decreased its 
heterogeneity, expressed as the coefficient of variation, from 0.60 to 
0.45. Although the relative importance of these mechanisms is not 
known, results from the Park Grass Experiment suggest that recovery 
of diversity after eutrophication may be a slow process. Invasion by 
preadapted species or evolutionary niche differentiation could even- 
tually restore species diversity, but such consequences are likely to be 
deemed undesirable or impracticable from a conservation perspective. 

Our results suggest that human actions, such as eutrophication, 
that simplify habitats by decreasing their niche dimensionality can 
lead to long-term biodiversity loss. Loss of biodiversity could in turn 
further decrease ecosystem function”. Our experimental and obser- 
vational results from terrestrial grasslands are consistent with those 
recently found in aquatic systems****. How species diversity scales 
with resource diversity in other systems will depend on the degree to 
which they are co-limited by multiple resources. Experiments are 
needed that manipulate multiple resources across important envir- 
onmental gradients such as productivity and latitude in aquatic and 
terrestrial ecosystems. If niche axes are independent and approxi- 
mately equal in importance, diversity should decrease linearly with 
the loss of niche dimension, but the consequences of niche loss may 
be even greater if species loss responds multiplicatively as suggested®. 


METHODS 


We applied N, P, cations (K*, Mg”* and Ca’~) and water to 96 plots (2m X 2m) 
in a grassland at Sedgwick Reserve, beginning in February 2000. Nutrients were 
applied twice annually in dry form and water was applied by drip irrigation at 
roughly one-week intervals throughout the growing season (see Supplementary 
Information for details and rates). We measured above-ground plant productivity 
and species composition at peak biomass of the second year of the experiment in 
May 2001 by clipping, drying and weighing a 0.3-m* biomass sample from each 
plot. The observational plots at Sedgwick consisted of 215 plots (2m X 2 m) scat- 
tered across ungrazed grasslands in the 2,382-ha reserve and encompassed a wide 
range of topographic variability. We estimated species composition visually and 
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measured total live-plant above-ground biomass by clipping, drying and weighing 
a 0.2-m” sample from each plot. We used inductively coupled plasma chromato- 
graphy after NaCl extraction of mixed-bed ion-exchange resins that we had buried 
in the soil in each plot to estimate soil nutrient supply rates over the growing season 
(see Supplementary Information for details). We used Park Grass species number 
data from 1946 to 1949 and productivity data from 1949 as reported'®. Because 
plant diversity decreased strongly with lower pH caused by the addition of ammo- 
nium, we used data from the ten unlimed subplots (plots 2, 3, 4.1, 7, 8, 12, 14, 15, 16 
and 17) that did not receive ammonium or manure. Statistical tests are described in 
more detail in Supplementary Information. 
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Egalitarian motives in humans 


Christopher T. Dawes’, James H. Fowler’, Tim Johnson*”, Richard McElreath* & Oleg Smirnov” 


Participants in laboratory games are often willing to alter others’ 
incomes at a cost to themselves, and this behaviour has the effect of 
promoting cooperation’*. What motivates this action is unclear: 
punishment and reward aimed at promoting cooperation cannot 
be distinguished from attempts to produce equality*. To under- 
stand costly taking and costly giving, we create an experimental 
game that isolates egalitarian motives. The results show that sub- 
jects reduce and augment others’ incomes, at a personal cost, even 
when there is no cooperative behaviour to be reinforced. Further- 
more, the size and frequency of income alterations are strongly 
influenced by inequality. Emotions towards top earners become 
increasingly negative as inequality increases, and those who 
express these emotions spend more to reduce above-average earn- 
ers’ incomes and to increase below-average earners’ incomes. The 
results suggest that egalitarian motives affect income-altering 
behaviours, and may therefore be an important factor underlying 
the evolution of strong reciprocity’ and, hence, cooperation in 
humans. 

Scarce resources create selective pressure for behaviours that in- 
fluence how resources are divided in animal societies®. When the 
availability of resources is independent of the choices involved in 
acquiring them, such behaviours—for example, aggression® and beg- 
ging’—can be understood as explicitly motivated by preferences for 
specific resource divisions. In potentially cooperative encounters, 
however, resources are produced through organisms’ choices to 
cooperate or defect; thus, behaviours that alter resource allocations 
produced in cooperative encounters can be viewed as either promot- 
ing a cooperation norm or satiating a taste for particular resource 
divisions*. This has sparked considerable debate about how to model 
social choices*'° and has provoked questions’ concerning the ulti- 
mate source of behaviours—such as the reward of contributors* and 
costly punishment of free-riders'—that promote cooperation. 

For example, in the standard model of multi-person cooperation— 
the public goods game—cooperation and payoff are correlated. 
Individuals are endowed with a resource that can be contributed to 
a common pool; if contributed, the resource increases in value and is 
divided equally among group members. Social welfare is maximized if 
all group members contribute, whereas personal wealth is greatest 
when an individual retains her endowment and others contribute. 
Past research suggests that individuals are willing to punish those 
who do not contribute to the common pool' and to reward those 
who do’. This behaviour has been interpreted as cooperative norm 
enforcement’, but because a player’s contribution to the public good is 
proportional to her payoff from the public good, decreasing the payoff 
of a defector also has the effect of retrieving economic equality. 

Attempts to separate norm enforcement from the pursuit of equal- 
ity have been incomplete. For instance, one approach"’ alters the 
efficiency of punishment by making punishment costs equal to the 
amount punishment reduces incomes. Although this prohibits an 
individual from reducing inequality between herself and the punished 


individual, it does not prevent reduction of the standard deviation 
from the group mean. If a player possessing above average income 
reduces the income of a wealthier player, then the income difference 
between high earners and below average earners decreases. Even 
players with below average income can reduce total inequality if their 
income is closer to the group mean than the above average earner’s 
income. Thus, even though the inequality between the punisher and 
the punished player remains the same, punishment can still serve an 
egalitarian motive in this design’. 

To separate motives, we use a simple experimental design to exam- 
ine whether individuals reduce or augment others’ incomes when 
there is no cooperative norm to advance (see Methods). We call these 
behaviours ‘taking’ and ‘giving’ instead of ‘punishment’ and ‘reward’ 
to indicate that income alteration cannot change the behaviour of the 
target. Subjects are divided into groups having four anonymous mem- 
bers each. Each player receives a sum of money randomly generated 
by a computer. Subjects are shown the payoffs of other group mem- 
bers for that round and are then provided an opportunity to give 
‘negative’ or ‘positive’ tokens to other players. Each negative token 
reduces the purchaser’s payoff by one monetary unit (MU) and 
decreases the payoff of a targeted individual by three MUs; positive 
tokens decrease the purchaser’s payoff by one monetary unit (MU) 
and increase the targeted individual’s payoff by three MUs. Groups are 
randomized after each round to prevent reputation from influencing 
decisions; interactions between players are strictly anonymous and 
subjects know this. Also, by allowing participants more than one 
behavioural alternative, the experiment eliminates possible experi- 
menter demand effects'"—if subjects were only permitted to punish, 
they might engage in this behaviour because they believe it is what the 
experimenters want. 

Over the five sessions income alteration was frequent. Among 
participants, 68% reduced another player’s income at least once, 
28% did so five times or more, and 6% did so ten times or more. 
Also, 74% of participants increased another player’s income at least 
once, 33% did so five times or more, and 10% did so ten times or 
more. Most (71%) negative tokens were given to above-average earn- 
ers in each group, whereas most (62%) positive tokens were targeted 
at below-average earners in each group. 

The size of income alterations varied with the relative income of 
the recipient (Fig. 1). Individuals who earned considerably more than 
other members of their group were heavily penalized. Subjects who 
earned ten MUs more than the group average received a mean of 8.9 
negative tokens compared to 1.6 for those who earned at least ten 
MUs less than the group. In contrast, individuals who earned con- 
siderably less than other group members received sizeable gifts. 
Subjects who earned ten MUs more than the group average received 
a mean of 4 positive tokens compared to 11.1 for those who earned 
at least ten MUs less than the group. Individual spending decisions 
also suggest that subjects were influenced by concerns for inequality. 
On average, the bottom earner in each group spent 96% more on 
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negative tokens than the top earner and the top earner spent 77% 
more on positive tokens than the bottom earner (both differences 
significant, Student’s test, one-tailed, P< 0.0008). 

Because choices to reduce or to augment others’ incomes were 
costly and yielded no material gain, self-interested subjects had no 
incentive to engage in it. Those behaviours therefore might decline 
over time as subjects learn they are not profitable. However, period- 
specific taking and giving (Fig. 1) shows no consistent pattern over 
time. Mann-Whitney tests fail to reject the null hypotheses that the 
number of negative tokens received in period five by above-average 
earners is the same as that received in periods one to four (P = 0.38, 
two-tailed) or that the number of positive tokens received in period 
five by below-average earners is the same as that received in periods 
one to four (P = 0.86, two-tailed). Therefore, subjects’ income-alter- 
ing behaviour persists even after acquiring experience playing the 
game. 

To explore how income affects these behaviours, we conduct Tobit 
regressions of negative and positive tokens received as a function of 
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Figure 1| Mean reduction (a) and augmentation (b) of income by other 
players in each period as a function of the deviation from the mean income 
level of the other group members. Income is assigned randomly to each 
group member by the computer. Reduction and augmentation are costly to 
the sender—each MU spent on ‘costly taking’ decreased the recipient’s 
income by three MUs and each MU spent on ‘costly giving’ increased the 
recipient’s income by three MUs. 
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the positive and negative deviation of one’s income from the average 
income assigned to other group members. We employ robust stand- 
ard errors clustered on each experimental session. This method allows 
us to account for the fact that observations are independent only 
across sessions and that costly taking and giving are censored vari- 
ables. When examining costly taking, the regression coefficient on 
‘negative deviation’ is—0.45 (z= —5.11, P< 0.001), and ‘positive devi- 
ation’ is 0.74 (z= 4.43, P<0.001); subjects’ payoffs are reduced by 
nearly three-quarters ofan MU for each additional MU ofincome they 
receive above the average income of other group members. The aver- 
age income of other group members, when included in the regression, 
is insignificant (z= 0.41, P= 0.69). In a model of costly giving, the 
regression coefficient on ‘negative deviation’ is 0.83 (z= 7.56, 
P<0.001) and ‘positive deviation’ is —0.22 (z= —2.43, P= 0.02); sub- 
jects’ payoffs are increased by more than eight-tenths of an MU for 
each additional MU of income below the average income of other 
group members. The average income of other group members, when 
included in the regression, is insignificant (z = —1.41, P= 0.18). 

We emphasize that income alteration provides no material benefit 
and, moreover, that a desire for revenge or reimbursement cannot 
explain choices to reduce or to augment others’ incomes. Subjects 
were told that they never meet the same person twice, so they cannot 
satisfy, in future rounds, a desire to reciprocate negative or positive 
tokens assigned to them. To be sure that reciprocation was not a 
motivation, we conducted additional Tobit regressions. Results show 
that negative tokens sent were not significantly affected by negative 
tokens received in the previous round (z = —0.30, P = 0.76) and pos- 
itive tokens sent were not significantly affected by positive tokens 
received in the previous round (z=-1.17, P= 0.24). Nonetheless, 
we did observe some behaviours that could not be explained by 
egalitarian motives. For example, below-average earners sent nega- 
tive tokens to other below-average earners 12.2% of the time, while 
below-average earners sent above-average earners positive tokens 
16.9% of the time (see Supplementary Information). 

In our experiment there is no normative behaviour, so we won- 
dered why people alter incomes. Others' show that experimental 
subjects feel anger towards free-riders in a public goods setting and 
this anger may motivate punishment. Also, negative emotions inspire 
the destruction of earned resources when an undeserving party aims 
to usurp those resources’ and non-pecuniary expressions of anger 
satiate the desire to punish individuals who choose not to share a 
resource equally in experimental games'*. Income levels are deter- 
mined by subject behaviour in these experiments, so it is unclear 
whether resource distributions or anti-social behaviours cause the 
anger. One possibility is that inequality itself arouses negative emo- 
tions. If so, in our experiment we should observe annoyance and 
anger at high earners; these sentiments should increase as inequality 
increases and they should be associated with subjects’ income-altering 
behaviours. 

To elicit emotional reactions, we presented subjects hypothetical 
scenarios in which they encountered group members who obtained 
higher payoffs than they did (see Methods). Subjects were then 
asked to indicate on a seven-point scale whether they felt annoyed 
or angry (1, ‘not at all’; 7, ‘very’) by the other individual. In the ‘high- 
inequality’ scenario, subjects were told they encountered an indi- 
vidual whose payoff was considerably greater than their own. This 
scenario generated much annoyance: 75% of the subjects claimed to 
be at least somewhat annoyed, whereas 41% indicated a high level (4 
or more) of annoyance. Many subjects (52%) also indicated that they 
felt at least some anger towards the top earner. In the ‘low-inequality’ 
scenario, differences between subjects’ incomes was smaller, and 
there was significantly less anger (Wilcoxon signed rank test, P< 
0.0001) and annoyance (P< 0.0001). Only 46% indicated they were 
annoyed and 27% indicated they were angry. Individuals apparently 
feel negative emotions towards high earners and the intensity of these 
emotions increases with income inequality. 
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These emotions seem to influence behaviour. Subjects who said 
they were at least somewhat annoyed or angry at the top earner in the 
high-inequality scenario spent 26% more to reduce above-average 
earners’ incomes than subjects who said they were not annoyed or 
angry. These subjects also spent 70% more to increase below-average 
earners’ incomes. Mann—Whitney tests of both differences indicate 
that they are significant (one-tailed, P = 0.05 and P = 0.001, respect- 
ively). Emotional reactions towards high earners—even when the 
source of income is known to be purely random—cause individuals 
to engage in costly acts that promote equitable resource distributions. 

The evidence here indicates that social inequality arouses negative 
emotions that motivate both the reduction and augmentation of 
others’ incomes. This finding supports research that indicates humans 
are strongly influenced by egalitarian preferences’*. Furthermore, the 
results distinguish between models of inequality aversion*”’: models 
that specify which players’ incomes will be altered for egalitarian rea- 
sons*® capture subject behaviour better than models that do not”. 
Finally, the results are also consistent with the punishment of non- 
contributors' and the reward of contributors in public good games’. 
Although concerns for equality are clearly not the only motive for 
human behaviour in these contexts, our results suggest that egalitarian 
motives may underlie strong reciprocity'' and, thus, play an import- 
ant role in the maintenance of cooperation. 


METHODS 

The design and procedures of the experiment closely approximate a widely cited 
public good experiment’. One hundred and twenty (7 = 120) students from the 
University of California at Davis volunteered to participate in the experiment. 
Recruitment of subjects was conducted in several different departments to max- 
imize the chance that subjects did not know one another; any student who was at 
least 18 years old was eligible to take part in the study. Twenty subjects attended 
each of the six experimental sessions and each session involved five periods. 
Every period, subjects were randomly placed in groups of four subjects. At the 
beginning of each period subjects received a random payoff and were shown the 
payoffs for all four members of their group. To maintain comparability with 
other public good games, random payoffs were drawn from the empirical dis- 
tribution of payoffs in the first stage of a widely cited public good game with 
punishment’. Subjects were then given an opportunity to either help or harm any 
member of the group by purchasing up to ten positive and ten negative tokens for 
each player. At the end of each period, subjects learned the amount of positive 
and negative tokens they received and their new payoff. The experiment lasted 
30 minutes and on average subjects earned approximately ten US dollars per 
session. 

Allactivity in the experiment was completely anonymous. Group composition 
changed every period so that no one played with the same person more than 
once. The subjects were ignorant of other players’ experimental history: neither 
past payoffs nor past decisions were known. Different group composition each 
period and the absence of any history of play ensured that subjects could neither 
develop reputations nor target other subjects for revenge. 

At the beginning of each session subjects were asked to read experiment 
instructions on their individual computer screens (see Supplementary Infor- 
mation), and they also had a paper copy available for reference. The instructions 
explained all features of the experiment, including how payoffs are determined, 
how group composition is altered every period, and how anonymity of indi- 
vidual decisions and payoffs in the experiment is preserved. In order for the 
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experiment to start, subjects had to answer correctly several test questions 
designed to ensure full understanding of how choices in the game generate 
payoffs. At the end of the experimental session, subjects were asked to complete 
a survey about their demographic characteristics and a questionnaire concerning 
emotions. The experiment was programmed using GameWeb software written 
by R.McE. 

The emotions questionnaire presented two hypothetical scenarios to subjects: 
“You receive 23 [19] tokens. The second group member receives 25 [21] and the 
third 21 [17] tokens. Suppose the fourth member receives 37 [22] tokens. You 
now accidentally meet this member. Please indicate your feelings towards this 
person.” (Unbracketed numbers were used in the ‘high-inequality’ scenario and 
bracketed numbers were used in the ‘low-inequality’ scenario.) After reading 
each scenario, subjects were asked to indicate on a seven-point scale whether they 
felt annoyed or angry (1, ‘not at all’; 7, ‘very’). 
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A mirror-symmetric cell division that orchestrates 
neuroepithelial morphogenesis 


Marcel Tawk', Claudio Araya’, Dave A. Lyons'+, Alexander M. Reugels”, Gemma C. Girdler’, Philippa R. Bayley't, 
David R. Hyde®, Masazumi Tada’ & Jonathan D. W. Clarke’ 


The development of cell polarity is an essential prerequisite for 
tissue morphogenesis during embryogenesis, particularly in the 
development of epithelia’’. In addition, oriented cell division can 
have a powerful influence on tissue morphogenesis’. Here we 
identify a novel mode of polarized cell division that generates 
pairs of neural progenitors with mirror-symmetric polarity in 
the developing zebrafish neural tube and has dramatic conse- 
quences for the organization of embryonic tissue. We show that 
during neural rod formation the polarity protein Pard3 is loca- 
lized to the cleavage furrow of dividing progenitors, and then 
mirror-symmetrically inherited by the two daughter cells. This 
allows the daughter cells to integrate into opposite sides of the 
developing neural tube. Furthermore, these mirror-symmetric 
divisions have powerful morphogenetic influence: when forced 
to occur in ectopic locations during neurulation, they orchestrate 
the development of mirror-image pattern formation and the con- 
sequent generation of ectopic neural tubes. 

The movements of neurulation in zebrafish embryos involve con- 
vergence of left and right sides of the neural plate towards the dorsal 
midline, followed by invagination of the neural plate to form a neural 
keel that then condenses to form a solid neural rod*”’. At the midline 
of the neural rod, an epithelial seam forms that divides left from right 
and initiates formation of the ventricular system of the brain and 
spinal cord*. The neural keel and rod stages are uniquely character- 
ized by neural progenitor divisions that deposit one daughter cell on 
either side of the midline, so that each side of the neural tube receives 
contributions from both left and right sides of the neural plate*”” 
(Supplementary Fig. 1). Once deposited on either side of the neural 
rod, both daughter cells elongate across the apico-basal extent of the 
left and right neuroepithelium (Fig. la). More than 90% of neural 
plate cells undergo this midline-crossing division (C-division)’°. 
When cell division is blocked during this period, very few cells are 
able to cross the midline’ (Fig. 1b—e), thus demonstrating that divi- 
sion itself is required for crossing. The daughter cells that cross the 
midline integrate into a neuroepithelium that develops mirror-image 
apico-basal polarity with respect to their original side. To integrate 
into the contra-lateral neuroepithelium, a mechanism must exist to 
generate mirror-image polarity in the crossing daughter cells. 

C-divisions are most prevalent at neural keel and rod stages (14 to 
18 hours post fertilization (h.p.f.))®°, which coincides with the first 
midline expression of markers of apical epithelial character”. Before 
these stages, apical markers are either not expressed (aPKC) or are 
expressed diffusely in neural plate cell membranes (f-catenin and 
ZO-1)?. Because Par3 has a fundamental role in the establishment of 
cell polarity in a variety of invertebrate and vertebrate species'', we 
chose to follow the dynamics of tissue and cell polarization using 


time-lapse confocal microscopy of a fusion protein of Pard3 with 
green fluorescent protein, Pard3—GFP (Pard3, initially described as 
ASIP/PAR-3, is a zebrafish orthologue of the Caenorhabditis elegans 
Par3 protein”'*’*). A few evenly distributed puncta of Pard3—GFP are 
observed in the neural plate’, but the first coordinated localization 
appears towards the end of the neural keel phase when Pard3—GFP 
is expressed in bright puncta within a zone approximately 40 um 
wide at the midline (Fig. 2b). These puncta are mobile and gradually 
coalesce towards the midline over the next few hours. By 18 h.p.f., a 
distinct single midline expression domain that extends throughout 
the dorso-ventral extent of the neural rod is evident (Fig. 2c; and 
Supplementary Fig. 2a, b). 

When expression in individual cells is examined, the development 
of bright Pard3—GFP puncta is particularly striking in cells under- 
going the C-division. When cell bodies round up at the start of 
prophase, Pard3—GFP has no consistent subcellular localization, 
however, by telophase, Pard3—GFP is specifically enriched at the 
cleavage furrow (Fig. 2d; and Supplementary Fig. 2). In most cells, 
bright expression remains symmetrically localized across the cleavage 
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Figure 1 | Cell division separates daughter cells across the midline of the 
neural keel and rod. a, Time-lapse sequence of a C-division (crossing- 
division) viewed from the dorsal surface of a neural rod. The cell divides on 
the right side of the neural rod and is followed by the medial daughter 
crossing the midline (dotted line) and integrating into the contra-lateral 
side. Mother and daughter cells are highlighted by arrows and blue overlay. 
Time points are in minutes relative to the beginning of mitosis. b, Dorsal 
view of a normal neural plate with cells labelled by red fluorescence on only 
the left side. Arrows point to the midline. c, Dorsal view of the same embryo 
as b but 8h later, showing bilateral distribution of red cells. d, Dorsal view of 
a neural plate in an embryo treated with inhibitors of cell division (No div.) 
during the period of C-divisions. Red fluorescent cells are predominantly on 
the left side of the neural plate. e, Dorsal view of the neural keel 8 h later than 
d, indicating that very few cells crossed the midline (arrows) in the absence of 
cell division. WT, wild type. 
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furrow throughout cytokinesis (40 out of 47 monitored divisions; 
Fig. 2e). In a few cells, Pard3—GFP was only enriched at the cleavage 
plane towards the end of cytokinesis (7/47). Intense expression of 
Pard3—GFP remains at the medial ends of the two daughter cells 
following all C-divisions (Fig. 2e). During this period, the most 
medial daughters move across the midline and elongate to stretch 
across the full prospective apico-basal extent of the contra-lateral 
epithelium, while their sister cells elongate across the full extent of 
the ipsi-lateral epithelium. Thus, mirror-image polarity of daughter 
cells is established during cytokinesis by a novel mechanism that 
localizes apical information to the cleavage furrow. 

To test whether Pard3 is important for establishing mirror-image 
polarity during C-divisions and for initiating midline crossing of the 
medial daughters, we first reduced Pard3 levels by morpholino- 
mediated antisense knockdown (Supplementary Fig. 3). Reduction 
of Pard3 had no effect on the frequency, location or completeness of 
cell divisions (Supplementary Fig. 4), but did dramatically decrease 
midline crossing in 7/10 embryos (Fig. 2f). We next tested whether a 
mutant version of Pard3 that does not preferentially localize to the 
cleavage furrow during the C-division (97/102 cells monitored; 
Fig. 2g) would inhibit midline crossing. We mosaically expressed 
the mutant Pard3-A6—GFP, which lacks amino acids 688-1127 
including the aPKC binding domain’’. In neuroepithelial cells, this 
protein is expressed widely in the cell membrane rather than being 
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Figure 2 | Subcellular distribution of Pard3-GFP reveals that C-division is a 
mirror-symmetric division. a—c, Three frames from a time-lapse sequence of 
Pard3-GFP expression in neural keel and rod seen in transverse section. In 
early keel, Pard3—GFP is diffusely expressed throughout the cytoplasm of 
cells and shows no polarization. At approximately 15 h.p.f., bright puncta 
appear within a territory 20 um either side of the midline and by 18 h.p.f. 
these puncta accumulate at the midline of the rod and the diffuse 
cytoplasmic distribution has disappeared. d, High magnification of a 
telophase cell outlined in b shows distinct Pard3—GFP accumulation around 
the cleavage furrow (arrow). e, A time-lapse sequence showing Pard3—GFP 
distribution throughout a C-division. Pard3—GFP is distributed across the 
cleavage furrow and inherited in medial poles of the two daughter cells. The 
medial daughter rapidly crosses the midline (yellow line). Time points are in 
minutes, starting at the beginning of mitosis. f, Dorsal view of a neural tube 
in which the level of Pard3 was reduced by injection of 0.35 pmoles of 
morpholino (MO). The unilateral distribution of GFP-labelled cells 
indicates that few cells crossed the midline (arrow), compared to the normal 
embryo in Fig. 1c. g, Time-lapse sequence of a mutant Pard3-A6—GFP- 
expressing cell dividing close to the neural keel midline (yellow line). Pard3- 
A6-GFP expression is not localized to the cleavage furrow or to prospective 
apical poles of the daughter cells. Both daughter cells remain on the same 
side of the keel for at least 50 min before drifting out of focus. Time points 
are in minutes, starting at the beginning of mitosis. 
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restricted to apical poles and also associates with intracellular fila- 
ments (probably microtubules) '*. Time-lapse analyses revealed that 
for Pard3—GFP-expressing cells 80% (32/40) of cell divisions led to 
midline crossing less than 10 min after prophase, and 100% cross by 
35 min. In contrast, only 49% (39/80) of daughter cells expressing 
Pard3-A6—GEP cross the midline within 10 min, and in the remain- 
ing 51% (41/80) of divisions, both daughters stay on the same side 
until lost from focus (Fig. 2g and Supplementary Table 1). Together, 
these results demonstrate that Pard3 function is required for midline 
crossing and indicate that this role for Pard3 is probably mediated 
by specific localization to the cleavage plane and mirror-symmetric 
inheritance at the prospective apical poles of the daughter cells. 

To investigate the regulation of the C-division, we looked for 
mirror-symmetric divisions in embryos in which convergence of 
the neural plate and formation of the neural keel was delayed by 
reducing the function of the non-canonical Wnt signalling compon- 
ent Vangl2 (refs 14-16; Fig. 3a, b). We reasoned that C-divisions 
would occur ‘on time’ but in ectopic lateral locations, if regulated 
by a mechanism intrinsic to the neuroepithelial precursors, but 
would occur ‘late’ in the delayed neural keel, if regulated by the 
process of neurulation or the keel environment. We find the former 
is true. Time-lapse analyses in the region of the caudal hindbrain and 
anterior spinal cord reveal that ectopic C-divisions occur in neural 
plate cells before keel formation in trilobite/vangl2 mutants (Fig. 3c, 
d; and Supplementary Movies 1 and 2). These divisions occur across 
the deep-to-superficial axis of the convergence-delayed neural plates 
and generate pairs of daughter cells that remain in register as they 


Sa 


NS 


Coan 


Figure 3 | Delayed convergence of the neural plate leads to ectopic Pard3- 
mediated C-divisions. a, Arrowheads indicate the width of wild-type neural 
keel in live confocal transverse sections at 14h.p.f. Cells are labelled with 
membrane-bound GFP (mGFP). b, The trilobite/vangl2 mutant neural plate, 
also at 14h.p.f., has a much wider profile owing to delayed convergence. 

c, The orientations of cell divisions are superimposed on wild-type neural 
rod. Red lines and dots indicate direction of separation of daughter cells, 
leading to midline crossing. d, Positions and orientations of cell divisions 
towards the end of the invagination of trilobite/vangl2 (tri) neural plate. 
Daughters are separated across what was the superficial-deep axis of the 
plate. e, Line drawing of cell-outlines traced from the trilobite/vangl2 
specimen illustrated in d to show ectopic interface (arrows) between 
developing bilayers in mutant neural primordium. f, A section of trilobite/ 
vangl2 neural primordium at 18 h.p.f. reveals two ectopic, bilateral lines of 
Pard3-GFP expression (arrows) coincident with the ectopic bilateral 
interface between cells illustrated in e. g, Time-lapse sequence showing 
Pard3—GFP expression concentrated at the cleavage furrow of a cell dividing 
across the neural plate in a trilobite/vangl2 embryo. Location of the division 
is shown by the boxed area in f. Time points are in minutes, starting at the 
beginning of mitosis. Red dots indicate the centre of mother and daughter 
cells. 
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elongate across the neural plate (Supplementary Fig. 5). Because the 
daughter cells remain in register, the neural plate becomes a bilayer of 
pseudostratified epithelia (Fig. 3e). In contrast to wild-type embryos, 
in which a single domain of Pard3—GFP expression develops only in 
the midline of the neural keel (Fig. 2c), Pard3—GFP in trilobite/vangl2 
mutants is expressed in two domains on either side of the embryo’s 
midline, sandwiched midway between the superficial and deep sur- 
faces of the neural plate (Fig. 3f). Examination of individual cells 
reveals that Pard3—GFP is mirror-symmetrically expressed across 
the cleavage plane of cells that divide across the mutant bilayered 
neural plate (30/37 cells; Fig. 3g; and Supplementary Movies 3 and 4). 
These observations all suggest that ectopic neural ‘midlines’ are being 
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Figure 4 | Delayed neural plate convergence generates duplicate neural 
tubes complete with mirror-image apico-basal polarity and ventricles. a, A 
transverse section of wild-type neural tube at the level of the caudal 
hindbrain at 24h.p.f. reveals aPKC expression at the apical surface (red 
arrow) of the epithelium. Yellow dots indicate the basal surface of the tube. 
b, A transverse section of neural tube reveals GFAP expression at the basal 
edge (yellow arrows) of epithelia. Red dots indicate the apical surfaces of the 
tube. c, A horizontal confocal section of a wild-type neural tube whole- 
mount stained for GFAP expression. As well as marking basal ends of 
neuroepithelial cells this antigen is highly expressed in mitotic cells (red 
arrow) at the apical surface. d, e, A transverse section of trilobite/vangl2 
neural primordium at 24h.p.f. reveals bilateral aPKC expression (two red 
arrows) and mirror-image expression of GFAP (four yellow arrows) on 
either side of apical surfaces. f, A horizontal confocal section of trilobite/ 
vangl2 neural tube stained as a whole-mount for GFAP expression reveals 
duplicate mirror-image epithelial organization (compare to c).g, Fluorescent 
dextran injected into a ventricle of a wild-type embryo reveals a single, large 


LETTERS 


generated by ectopic C-divisions on either side of the actual embry- 
onic midline, and that Pard3-mediated C-divisions are independent 
of non-canonical Wnt function (see also Supplementary Fig. 6). 
Despite the abnormal development of the neural plate, neural 
tissue continues to converge and invaginate in trilobite/vangl2 
mutant embryos. Thus, by 24h.p.f., the ectopically bilayered neural 
plates are re-oriented and appear to fuse at the midline, to generate a 
four-layered neural primordium. Molecular and structural analyses 
show this four-layered structure comprises two neural tubes side-by- 
side. The apical marker aPKC, which normally delineates the single 
neural midline (Fig. 4a), is expressed along the two ectopic neural 
midlines in trilobite/vangl2 mutants (Fig. 4d). Remarkably, GFAP 


tri 
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ventricle in the hindbrain. h, Fluorescent dextran injected into a ventricle of 
a trilobite/vangl2 embryo reveals twinned ventricles in the caudal hindbrain. 
i, A transverse section of neural primordium in a has2 morpholino embryo 
at 24h.p.f. reveals bilateral aPKC expression that phenocopies the trilobite/ 
vangl2 phenotype. j, A transverse section of neural tube from a trilobite/ 
vangl2 embryo treated with inhibitors of cell division. Epithelial 
duplications are significantly reduced in 76% (32/42) of mutant embryos as 
revealed by single midline expression of the apical marker aPKC (compare to 
d). k, A transverse section of neural tube from a trilobite/vangl2 embryo 
injected with 0.35 pmoles of pard3 morpholino oligonucleotides. Epithelial 
duplications are significantly reduced in 46% of mutant embryos as revealed 
by the single midline ventricle (v) and expression of the apical marker aPKC 
at the ventricular surface. Il, A schematic of transverse sections to show 
mirror-symmetric C-divisions during the morphogenesis of normal and 
mirror-duplicate neural tubes. Pard3 localization is shown in red and the 
basal marker GFAP is shown in yellow. 
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which is a marker of basal (outer) surface of the neuroepithelium 
(Fig. 4b, c) is expressed with mirror-image symmetry on either side of 
each of the two apical aPKC domains (Fig. 4e, f). By 30 h.p.f., ectopic 
ventricles with appropriate dorso-ventral morphology are generated 
on either side of the midline (Fig. 4g, h). Identical phenotypes are 
obtained by abrogation of other components of the non-canonical 
Wnt pathway such as Pk1 (ref. 17) and Dvl (refs 18, 19) (Supplemen- 
tary Fig. 7). 

To confirm that generation of mirror-image duplicates is a con- 
sequence of delayed convergence rather than other potential defects 
downstream of non-canonical Wnt signalling (see ref. 7 and Sup- 
plementary Fig. 6), we analysed embryos with convergence defects 
caused either by reduced function of the Hyaluron synthesizing 
enzyme, Has2, which is in the mesoderm”, or by surgical separation 
of the left from right side of the neural plate in wild-type embryos 
(Supplementary Fig. 8). We find both interventions lead to mirror- 
image duplication of the neural tubes, identical to embryos with non- 
canonical Wnt signalling deficits (Fig. 4i; and Supplementary Fig. 8 
and Supplementary Movie 5). We conclude that when neural keel 
formation is delayed or prevented, ectopic mirror-symmetric divi- 
sions occur across the neural plate, and we propose that these special- 
ized divisions initiate mirror-image apico-basal organization across 
the neuroepithelium. 

If the ectopic mirror-image apico-basal organization is really a 
downstream consequence of the ectopic mirror-symmetric cell divi- 
sions then blocking division should eliminate this phenotype. In fact 
a previous study has demonstrated that blocking division during keel 
formation rescues normal development of the neural tube in trilobite/ 
vangl2 embryos’, and we confirm this here (Fig. 4j). In addition, 
because Pard3 function is crucial for the mirror-symmetric division, 
we tested whether it is also required for mirror-image duplications by 
reducing Pard3 levels in trilobite/vangl2 mutants. We find that a 
partial reduction of Pard3 levels by morpholino knockdown reduces 
mirror-image duplication in 46% of the mutants (7/39 were fully 
rescued, whereas 11/39 showed reduced duplication; Fig. 4k; and 
Supplementary Fig. 9). More severe reduction of Pard3 function 
disrupts morphogenesis such that it is impossible to score for dupli- 
cations. These results demonstrate that ectopic mirror-symmetric 
divisions and Pard3 function are required to generate duplicated 
mirror-image neural tubes in embryos with delayed convergence. 

A prerequisite for lumen formation in the solid neural rod is 
the development of apical specializations at the tissue midline and 
mirror-image cell polarization on either side of this midline. Our 
results (summarized in Fig. 41) demonstrate that this tissue organ- 
ization is orchestrated by mirror-symmetric cell division, which loca- 
lizes the apical polarity protein Pard3 to the mitotic cleavage furrow. 
It will be interesting in the future to see if mirror-symmetric divisions 
are a more general mechanism for initiating mirror-image pattern or 
lumen formation in other embryonic organ primordia. 


METHODS 

Embryo care. Embryos were staged and cared for according to standard proto- 
cols. The trilobite/vangl2 mutant allele used was tri™°? (ref. 14). 

Time-lapse imaging. Confocal time-lapse imaging was carried out by embed- 
ding embryos in low melting point agarose (Sigma) and viewing the neural keel 
in the transverse or dorsal planes using a X40 or a X63 long-working-distance 
water immersion objective. Embryos were maintained at 28.5 °C in an envir- 
onmental chamber and z-stacks collected at 5-min intervals, usually starting at 
10 or 11 h.p.f. and continuing through to 18 h.p.f. 

Immunocytochemistry. For immunostaining, embryos were fixed in 4% para- 
formaldehyde and sectioned at 10 jim on a cryostat, or stained as wholemounts. 
Antibodies and dilutions used were aPKCC (Santa Cruz C20, 1:500), GFAP 
(Dako Z0344, 1:200) and phospho-histone H3 (Sigma H0412, 1:200). 

Cell division inhibitors. To block cell division at neural keel and rod stages, 
embryos were cultured in embryo medium containing 100M aphidicolin 
(Sigma) and 20mM hydroxyurea (Sigma) dissolved in 4% dimethylsulphox- 
ide’**', from approximately 90% epiboly onwards. 
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Dextran injection into ventricles. To reveal ventricular organization in live 
embryos, a small volume of 4% rhodamine dextran was pressure-injected into 
the midbrain ventricle of wild-type and experimental embryos at 30 h.p.f. 

Additional details of methods, including information about the morpholinos 
and RNA constructs used can be found in Supplementary Information. 


Received 31 October 2006; accepted 26 February 2007. 
Published online 28 March 2007. 


1. Keller, R. Shaping the vertebrate body plan by polarized embryonic cell 
movements. Science 298, 1950-1954 (2002). 

2. Wodarz, A. Establishing cell polarity in development. Nature Cell Biol. 4, 39-44 
(2002). 

3. Gong, Y., Mo, C. & Fraser, S. E. Planar cell polarity signalling controls cell division 
orientation during zebrafish gastrulation. Nature 430, 689-693 (2004). 

4. Papan, C. & Campos-Ortega, J. A. A clonal analysis of spinal cord development in 
the zebrafish. Dev. Genes Evol. 207, 71-81 (1997). 

5. Papan, C. & Campos-Ortega, J. A. Region-specific cell clones in the developing 
spinal cord of the zebrafish. Dev. Genes Evol. 209, 135-144 (1999). 

6. Kimmel, C. B., Warga, R. M. & Kane, D. A. Cell cycles and clonal strings during 
formation of the zebrafish central nervous system. Development 120, 265-276 
(1994). 

7.  Ciruna, B., Jenny, A., Lee, D., Mlodzik, M. & Schier, A. F. Planar cell polarity 
signalling couples cell division and morphogenesis during neurulation. Nature 
439, 220-224 (2006). 

8. Lowery, L. A. & Sive, H. Initial formation of zebrafish brain ventricles occurs 
independently of circulation and requires the nagie oko and snakehead/atplata.1 
gene products. Development 132, 2057-2067 (2005). 

9. Geldmacher-Voss, B., Reugels, A. M., Pauls, S. & Campos-Ortega, J. A. A 90° 
rotation of the mitotic spindle changes the orientation of mitoses of zebrafish 
neuroepithelial cells. Development 130, 3767-3780 (2003). 

0. Lyons, D. A., Guy, A. T. & Clarke, J. D. Monitoring neural progenitor fate through 
multiple rounds of division in an intact vertebrate brain. Development 130, 

3427-3436 (2003). 

1. Macara, |. G. Parsing the polarity code. Nature Rev. Mol. Cell Biol. 5, 220-231 
(2004). 

2. Wei, X. et al. The zebrafish Pard3 ortholog is required for separation of the eye 
fields and retinal lamination. Dev. Biol. 269, 286-301 (2004). 

3. Von Trotha, J. W., Campos-Ortega, J. A. & Reugels, A. M. Apical localization of 
ASIP/PAR-3:EGFP in zebrafish neuroepithelial cells involves the oligomerization 
domain CR1, the PDZ domains, and the C-terminal portion of the protein. Dev. 
Dyn. 235, 967-977 (2006). 

4. Jessen, J. R. et al. Zebrafish trilobite identifies new roles for Strabismus in 
gastrulation and neuronal movements. Nature Cell Biol. 4, 610-615 (2002). 

5. Park, M. & Moon, R. T. The planar cell-polarity gene stbm regulates cell behaviour 
and cell fate in vertebrate embryos. Nature Cell Biol. 4, 20-25 (2002). 

6. Goto, T. & Keller, R. The planar cell polarity gene strabismus regulates 
convergence and extension and neural fold closure in Xenopus. Dev. Biol. 247, 
165-181 (2002). 

7. Carreira-Barbosa, F. et al. Prickle 1 regulates cell movements during 
gastrulation and neuronal migration in zebrafish. Development 130, 4037-4046 
(2003). 

8. Wallingford, J. B. & Harland, R. M. Neural tube closure requires Dishevelled- 
dependent convergent extension of the midline. Development 129, 5815-5825 
(2002). 

9. Tada, M. & Smith, J. C. Xwnt71 is a target of Xenopus Brachyury: regulation of 
gastrulation movements via Dishevelled, but not through the canonical Wnt 
pathway. Development 127, 2227-2238 (2000). 

20. Bakkers, J. et al. Has2 is required upstream of Racl to govern dorsal migration of 

lateral cells during zebrafish gastrulation. Development 131, 525-537 (2004). 

21. Lyons, D. A. et al. erbb3 and erbb2 are essential for Schwann cell migration and 

myelination in zebrafish. Curr. Biol. 15, 513-524 (2005). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We would like to thank P. Alexandre, D. Barker, J. Brockes, 
M. Costa, M. Kai, R. Sousa-Nunes, V. Prince and S. Wilson for comments and 
discussion on the manuscript; M. Costa for Supplementary Movie 1; S. Goulas for 
Fig. 4c, f; and M. Hammerschmidt for the has2 morpholino. This work was funded 
by the MRC, the BBSRC and the Wellcome Trust. 


Author Contributions M. Tawk and C.A. contributed most of the experimental 
data. D.A.L., G.C.G and P.R.B. contributed additional experimental data. A.M.R. 
provided the pard3-GFP and pard3-A6-GFP constructs. D.R.H. provided Pard3 
antisera and initial Pard3 morpholino. M. Tada provided constructs and helped 
design experiments. J.D.W.C conceived the project, designed experiments and 
wrote the manuscript together with M.Tawk. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Correspondence and requests for materials should be addressed to J.D.W.C. 
(jonathan.clarke@ucl.ac.uk). 


©2007 Nature Publishing Group 


Vol 446|12 April 2007|doi:10.1038/nature05654 


nature 


LETTERS 


Claudin-1 is a hepatitis C virus co-receptor required 


for a late step in entry 


Matthew J. Evans’*, Thomas von Hahn'*, Donna M. Tscherne’, Andrew J. Syder', Maryline Panis’, Benno Wolk’, 
Theodora Hatziioannou’, Jane A. McKeating't, Paul D. Bieniasz* & Charles M. Rice’ 


Hepatitis C virus (HCV) is a leading cause of cirrhosis and liver 
cancer worldwide. A better understanding of the viral life cycle, 
including the mechanisms of entry into host cells, is needed to 
identify novel therapeutic targets. Although HCV entry requires 
the CD81 co-receptor, and other host molecules have been impli- 
cated, at least one factor critical to this process remains unknown 
(reviewed in refs 1-3). Using an iterative expression cloning 
approach we identified claudin-1 (CLDN1), a tight junction com- 
ponent that is highly expressed in the liver*, as essential for HCV 
entry. CLDN1 is required for HCV infection of human hepatoma 
cell lines and is the first factor to confer susceptibility to HCV 
when ectopically expressed in non-hepatic cells. Discrete residues 
within the first extracellular loop (EL1) of CLDN1, but not protein 
interaction motifs in intracellular domains, are critical for HCV 
entry. Moreover, antibodies directed against an epitope inserted in 
the CLDN1 EL1 block HCV infection. The kinetics of this inhibi- 
tion indicate that CLDN]1 acts late in the entry process, after virus 
binding and interaction with the HCV co-receptor CD81. With 
CLDNI1 we have identified a novel key factor for HCV entry and 
a new target for antiviral drug development. 

Virus entry often requires sequential interactions between viral 
proteins and multiple cellular factors. HCV virus particles are 
believed to consist of a nucleocapsid surrounded by a lipid bilayer 
studded with complexes of two envelope glycoproteins (HCVgp), El 
and E2. HCV entry is clathrin-dependent, requires a low pH com- 
partment and occurs in a temperature-dependent manner®™"°. Strong 
evidence exists for the involvement of glycosaminoglycans and two 
E2-binding proteins—scavenger receptor class B member I (SR-BI) 
and the tetraspanin CD81—in HCV entry (reviewed in refs 1-3). 
However, these molecules are insufficient for productive viral entry 
because some cell lines express all three factors but do not support 
HCV entry. 

We performed a cyclic lentivirus based repackaging screen of a com- 
plementary DNA library, derived from the highly HCV-permissive 
hepatocarcinoma Huh-7.5 cell line’’, for genes that render the non- 
permissive CD81* SR-BI* 293T cell line infectable with HIV-1 part- 
icles pseudotyped with HCVgp (HCVpp) (Supplementary Fig. la and 
Supplementary Methods). As a result of this screen CLDN1 was iden- 
tified as a potential HCV entry factor (Supplementary Fig. 1a, b). 
CLDN1 is one of 24 known claudin family members that form the 
backbone of tight junctions through homo- and heterotypic inter- 
actions (for a review see ref. 12). It is most highly expressed in liver, 
but is also found in several other epithelial tissues’. Expression of 
CLDNI specifically enhanced 293T susceptibility to diverse genotypes 
of HCVpp by more than 100-fold, as determined by measuring luci- 
ferase activity encoded by these pseudoparticles (Supplementary Fig. 


1c and Fig. la). CLDN1 did not affect 293T susceptibility to pseudo- 
particles bearing either no envelope proteins (Env pp) or the unre- 
lated vesicular stomatitis virus G protein (VSV-Gpp), which serve as 
negative and positive infection controls, respectively. 

We next sought to determine if CLDN1 overexpression renders 
293T cells susceptible to infection with authentic cell culture grown 
HCV (HCVcc)!*. Whereas naive 293T cells showed no NS5A° foci, a 
marker of ongoing virus replication, numerous NS5A* foci were 
detected in cells expressing CLDN1 (Fig. 1b). The effective titre of 
HCVcc was approximately 1,000-fold lower on the CLDN1 expres- 
sing 293T cells as compared with Huh-7.5 cells, probably reflecting 
low permissiveness for initiation of HCV RNA replication (as prev- 
iously demonstrated for 293 cells when entry is bypassed by RNA 
transfection'’"*) rather than a defect in entry as HCVpp infectivity is 
similar for CLDN1-expressing 293T and Huh-7.5 cells (Fig. 1a). 

To test whether CLDN1 expression correlates with permissive- 
ness for HCV entry, we surveyed the HCVpp susceptibility (Fig. 2a) 
and CLDN1 expression level (Fig. 2b) for human cell lines pre- and 
post-transduction with CLDN1 expression vectors. The HCVpp- 
susceptible Huh-7.5 and Hep3B human hepatoma cell lines ex- 
pressed endogenous CLDN1 and overexpression of CLDN1 in these 
cells did not enhance HCV entry. Two HCVpp-resistant non-hepatic 
cell lines, 293T and SW13, did not express detectable levels of endo- 
genous CLDN1, but became highly susceptible to HCVpp on CLDN1 
expression. The CD81-negative hepatoma HepG2 line, previously 
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Figure 1| CLDN1 expression confers susceptibility to HCV infection. 

a, Luciferase-encoding pseudoparticles bearing the indicated gps were used 
to infect naive (white) or CLDN1-expressing (grey) 293T cells, or Huh-7.5 
cells (black). For HCVpp the isolate name is given and the respective 
genotype is indicated in parentheses. Values are normalized to the RLU 
background measured in mock-infected cells (mean of n = 3; error bars, 
s.d.). RLU, relative light units. b, Either naive or CLDN1-expressing 293T 
cells were infected with HCVcc (J6/JFH chimaeric genome). At 72h post 
infection, cells were fixed with methanol and stained for NS5A antigen. 
Representative visual fields are shown. 
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reported to become susceptible on CD81 expression®'*’, also 


expressed endogenous CLDN1 and HCVpp entry remained CD81- 
dependent even when CLDNI1 was overexpressed. However, the 
human HeLa and HepH cell lines (both CD81* SR-BI* CLDN1) 
remained HCVpp-resistant when overexpressing CLDN1 (Supplem- 
entary Fig. 6a). Likewise, expression of human CLDNI and/or CD81 
in non-human cell lines did not allow HCVpp entry (Supplementary 
Fig. 6b and data not shown). Moreover, murine CLDN1 (90% amino 
acid identity to human) efficiently supported HCV entry, indicating 
that CLDN1 is not a determinant of species host range (Supplemen- 
tary Fig. 7). These observations suggest that one or more human- 
specific HCV entry factor(s) remain to be discovered. 

To determine if endogenous CLDN1 is required for HCV infection 
of permissive liver cells, Hep3B cells were transfected with short 
interfering RNAs (siRNAs) targeting CD81 or CLDN1. Expression 
of the respective proteins was determined by flow cytometry (Fig. 3a). 
Susceptibility to luciferase-encoding HCVpp (Fig. 3b), but not VSV- 
Gpp (Fig. 3b) was markedly reduced in CLDN1-silenced cells com- 
pared with cells treated with an irrelevant siRNA. When using six 
distinct siRNAs of variable potency against CLDN1, HCVpp infec- 
tivity was inversely correlated with the efficiency of silencing (Fig. 3c). 
Furthermore, CLDN1 knockdown in Huh-7.5 cells potently inhib- 
ited HCVcc infection (Fig. 3d, e). Given that even moderate down- 
regulation of CLDN1 expression inhibited HCV infection, it is 
conceivable that the relatively low-level CLDN1 expression in extra- 
hepatic tissues* may be insufficient to support HCV entry and thus 
CLDN1 may contribute to HCV tissue tropism. 

Of the other claudin family members, neither CLDN7, the closest 
relative of CLDN1 (60% amino acid identity), nor CLDN3, the clos- 
est liver-expressed relative (49% identity), rendered 293T cells per- 
missive to HCVpp (Fig. 4a), despite high levels of protein expression 
(Fig. 4b). To map CLDN1-specific entry determinants, we analysed a 
series of CLDN1-—CLDN7 chimaeras (Fig. 4d) fused to the carboxy- 
terminus of GFP. The parental fusion proteins functioned identically 
to untagged proteins (Fig. 4e) and were expressed similarly (Fig. 4f). 
The expression and membrane-localization of all mutants were con- 
firmed by flow cytometry and confocal microscopy, respectively 
(data not shown). CLDNI1 is a 211 amino acid protein with four 
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Figure 2 | CLDN1 expression is associated with susceptibility to HCVpp in 
human cell lines. a, The indicated human cell lines were either mock 
transduced or transduced to express CLDN1 (‘pTRIP-CLDN1’), CD81 
(‘pTRIP-CD81’), or both and then challenged with HCVpp (black bars) and 
VSV-Gpp (white bars) encoding a GFP reporter. Background readings, that 
is, percentage of GFP-positive cells seen with Env pp, were subtracted for 
each population (mean of n = 3; error bars, s.d.). bs CLDN1 expression was 
assessed by immunoblotting. Approximate molecular weight (kDa) marker 
positions are indicated to the left of each blot. Cell surface CD81 expression 
(‘endog. CD81’) was determined before transduction, by flow cytometry 
using anti-CD81 1.3.3.22 as a primary antibody. 
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transmembrane helices, intracellular amino and carboxy termini 
and two extracellular loops (Fig. 4c)*. When extracellular loops were 
exchanged between CLDN1 and CLDN7 (Fig. 4d) it was found that 
only those containing the CLDN1 EL] enhanced HCVgp-dependent 
infection (Fig. 4e). Progressively smaller exchanges identified the 
N-terminal third of the CLDN1 EL1 (EL1 N1/3) to be sufficient in 
an otherwise CLDN7 background to confer full susceptibility to 
HCVpp entry in 293T cells (Fig. 4e). The importance of CLDN1 
EL1 in HCVpp entry was confirmed by deletion and insertional 
mutagenesis (Supplementary Fig. 2a—c). 

Five residues differ between CLDN1 and CLDN7 in the critical 
region of EL1 (Fig. 4g). Although changing three of these in 
CLDN7 to the corresponding CLDN1 sequence had no effect, intro- 
duction of M32I or K48E into CLDN7 rendered 293T cells partially 
HCVpp permissive (46% and 14% of wild-type CLDN1, respectively; 
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Figure 3 | CLDN1 silencing inhibits HCV entry. a, Dashed and solid lines 
represent Hep3B cells treated with specific and an irrelevant siRNA, 
respectively, and stained for CLDN1 (upper panels) or CD81 (lower panels). 
The shaded area represents isotype-control-staining of specific siRNA- 
treated cells. b, HCVpp (black bars) and VSV-Gpp (white bars) infection of 
siRNA-treated Hep3B cells normalized to irrelevant-siRNA-treated cells 
(irr) (mean of n = 3; error bars, s.d.). ¢, Correlation between CLDN1 
downregulation and HCV infectivity using six distinct siRNAs against 
CLDN1. The x axis measures the reduction in A median fluorescence 
intensity (CLDN1 stain minus isotype control stain) relative to irrelevant- 
siRNA-treated cells; y-axis, HCVpp infectivity normalized to VSV-Gpp 
infectivity. P, probability for no correlation as determined by Spearman’s 
non-parametric test. d, Silencing of CD81 and CLDN1 in Huh-7.5 cells. 

e, siRNA-treated Huh-7.5 cells were infected with HCVcc encoding a 
luciferase reporter (mean of n = 4; error bars, s.d.). 
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Fig. 4h) and the combination of both changes supported HCV entry 
as efficient as wild-type CLDN1. Conversely, introduction of 132M or 
E48K into CLDN1 dramatically reduced HCVpp susceptibility, and 
the presence of both mutations reduced entry to background levels 
(Fig. 4h). None of the wild-type or mutant claudin molecules affected 
VSV-Gpp entry (Fig. 4h). 

These data suggest that any CLDN1 features required for HCV 
infection other than 132 and E48 must be conserved between 
CLDNI1 and CLDN7. In additional analyses, we found the CLDN1 
C-terminal intracellular tail, which mediates interactions with other 
TJ proteins'’, and putative palmitoylation sites, which may regulate 
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Figure 4 | HCVpp susceptibility depends on residues in the first 
extracellular loop of CLDN1. a, GFP-reporter HCVpp (black) and VSV-Gpp 
(white) infection of 293T cells expressing CLDN1, 3 or 7. Background 
readings, that is, percentage of GFP-positive cells seen with Env pp, were 
subtracted for each population (mean of n = 3, error bars, s.d.). 

b, Immunoblot for CLDN1, 3 and 7. Approximate molecular weight (kDa) 
marker positions are indicated to the left of each blot. c, CLDN1 topology. 
d, CLDN1/CLDN7 chimaeras with regions of CLDN1 and CLDN7 
represented as dark and light lines, respectively. All chimaeras were 
N-terminally GFP-tagged. e, HCVpp (black) and VSV-Gpp (white) infection 
of 293T cells expressing the chimaeras depicted above in panel d. For 
chimeras, the x axis labels refer to the GFP—CLDN1 or GFP—CLDN7 fusion 
backbone encoding (‘w/’) the indicated region of the other claudin protein. 
N and C indicate either the amino or carboxy terminal, respectively, piece of 
CLDNI1 ELI, swapped into CLDN7. Readings are normalized to 293T cells 
expressing wild-type CLDN1 (mean of n = 4; error bars, s.d.). f, Immunoblot 
for GFP. g, Alignment of the N-terminal half of EL1 in CLDN1 and CLDN7. 
Identical sequences are represented by a full-stop, numbering represents 
amino acid position in full-length CLDN1. h, 293T cells expressing the 
indicated point mutants were tested for susceptibility as described above 
(mean of n = 4; error bars, s.d.). 


LETTERS 


protein interactions or direct the molecule to specific regions of 
the plasma membrane”’, were not required for HCVpp entry (Sup- 
plementary Fig. 3a, b). This suggests a direct involvement of CLDN1 
in HCV entry through an extracellular interaction rather than an 
indirect effect mediated through intracellular interactions with other 
tight junction components. All claudin mutants were also tested in 
SW13 cells with similar results (data not shown), confirming that the 
observed phenotypes were not 293T cell specific. 

Blocking antibodies, ligands or antagonists are useful for probing 
the function of cellular molecules involved in viral entry. Unfor- 
tunately, all available CLDN1-specific antibodies recognize the intra- 
cellular C-terminal segment of the protein and are thus not useful for 
such studies. After an unsuccessful attempt to raise antibodies against 
CLDN1 ELI (data not shown), we identified a site in the C-terminal 
portion of CLDN1 EL]! where a triple Flag epitope sequence could be 
inserted without seriously impairing HCV entry (Supplementary Fig. 
2a, c). HCVpp infection of 293T cells expressing this mutant (CLDN1 
F10x3) was blocked in a dose-dependent manner by anti-Flag M2 
monoclonal antibody. As controls, neither HCVpp infection of cells 
expressing wild-type CLDN1 nor VSV-Gpp infection of cells expres- 
sing CLDN1 F10x3 were affected by equal amounts of antibody 
(Fig. 5a and Supplementary Fig. 4). Although these results further 
suggest that CLDN1 functions in HCV entry through a direct inter- 
action between EL] and the virion, evidence for direct HCV binding 
to CLDN1 is lacking. In fact, HCVcc binding to CHO cells was only 
enhanced by expression of human SR-BI, but not CLDN1 or CD81 
(Supplementary Fig. 8). However, virus—receptor interactions before 
CLDN1 engagement may trigger HCV glycoprotein conformational 
changes required for CLDN1 binding, paralleling the situation with 
HIV-1 and its co-receptor CCR-5, in which binding requires prior 
interaction with CD4 (ref. 19). 

To determine when CLDN1 functions in HCV entry, we examined 
the ability of the M2 antibody to block infection of CLDN1 F10x3 
cells when added at various times during cell entry. To synchronize 
infection, 293T cells expressing CLDN1 F10x3 were incubated with 
HCVpp for 2h at 4°C, so that virion binding but not entry could 
occur, and then washed and shifted to 37 °C, allowing the infection to 
continue (see Supplementary Methods). Antibodies directed against 
both CD81 (JS81) and the Flag epitope (M2) inhibited HCVpp infec- 
tion and retained maximal inhibitory activity even after the temper- 
ature shift to 37 °C, indicating that like CD81 (ref. 10), CLDN1 acts at 
the post-binding stage of HCV entry (Fig. 5b). However, the inhib- 
itory activity of anti-CD81 was lost much earlier than that of anti- 
Flag (half-maximal inhibition at 18 and 73 min post temperature 
shift, respectively), suggesting a sequence of events in which CD81 
acts prior to CLDN1 in HCV entry. 

To test if CLDN1 is required for HCVgp-mediated membrane 
fusion we used a cell-cell fusion assay where 293T ‘acceptor’ cells, 
encoding a HIV-1 transactivator of transcription (Tat)-dependent 
GFP, were co-cultured with Tat-expressing ‘donor’ cells such that 
fusion between donor and acceptor cell membranes results in GFP ex- 
pression (Supplementary Fig. 5 and Supplementary Methods). When 
using donor cells expressing HCV E1E2, expression of CLDN1 on the 
acceptor cells resulted in a sevenfold increase in the number of GFP- 
positive foci per well (P< 0.001 by unpaired t-test), indicating a sig- 
nificant enhancement of HCVgp-dependent cell-cell fusion (Fig. 5c). 
A pH5 wash did not significantly increase the number of GFP foci 
observed, but changed their appearance from clusters of discrete GFP- 
positive cells to large brightly GFP-positive syncytia, indicating that the 
pH-dependence of HCVgp-mediated fusion*"° is maintained in this 
assay (Supplementary Fig. 5). These results demonstrate that CLDN1 
is required for HCVgp-dependent cell fusion although it is presently 
unclear whether the protein participates directly in the fusion process 
or acts at an earlier step that is required to enable subsequent fusion. 

The requirement for numerous cellular factors including glycos- 
aminoglycans, SR-BI, CD81 and now CLDN1, indicates that HCV 
cell entry is a complex multi-step process (reviewed in refs 1-3). An 
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Figure 5 | Analysis of CLDN1 function in the HCV entry process. a, 293T 
cells expressing wild-type or F10x3 CLDN1 were challenged with HCVpp 
(black) or VSV-Gpp (white) in the presence or absence of M2 anti-Flag. 
(Values were normalized to RLU from cells with no antibody; mean of n = 4; 
error bars, s.d.). b, Synchronized infections were performed on 293T cells 
expressing F10x3 CLDN1, with the indicated antibodies being present from 
the time indicated on the x axis. Values (per cent entry) are relative to the 
signal seen when antibody was added 4h post temperature shift. Controls 


important challenge is to delineate the precise function that each 
cellular entry factor fulfils. Our data suggest a role for CLDN1 late 
in the HCV entry process, perhaps downstream of interactions with 
other virus-receptor/co-receptors such as CD81. However, differ- 
ences in blocking antibody efficacy are an important caveat to bear 
in mind when interpreting the inhibition data in Fig. 5b. 

Preliminary studies indicate that CLDN1 is localized on the plasma 
membrane in HCV permissive cells, is enriched at sites of cell-cell 
contact and co-localizes with a sub-fraction of CD81 (unpublished 
data). Interestingly, an association of tetraspanins with claudin-11 
has been reported’’. It should be emphasized, however, that the 
situation may differ in polarized hepatocytes, where CLDN1 is 
strictly localized to tight junction regions”'. This location fits well 
with a co-receptor rather than a primary receptor role for CLDN1. 
Other tight-junction-associated molecules have been found to serve 
as (co-) receptors for reoviruses”, coxsackievirus B and certain ade- 
noviruses”’. Coxsackievirus B entry requires initial binding to a prim- 
ary receptor (decay-accelerating factor) on the luminal cell surface, 
followed by lateral migration of the virus—receptor complex to the 
tight junction, where interaction with the CAR co-receptor and 
uptake into the host cell occur**. A similar pathway is conceivable 
for HCV, and it will be of considerable interest to devise systems to 
examine HCV entry in polarized cells. 

The involvement of CLDN1 in HCV entry raises interesting 
questions regarding the pathogenesis of hepatitis C. Loss of cell-cell 
contacts is a hallmark of malignant transformation and altered 
expression of CLDN1 and other claudin family members has been 
reported in a number of human malignancies including hepatocel- 
lular carcinoma—the most lethal complication of chronic HCV 
infection’**’. In addition, the extremely high viral loads observed 
in some immunosuppressed liver transplant recipients could con- 
ceivably compromise tight junction integrity and contribute to the 
development of cholestatic hepatitis**”’. Finally, CLDN1 presents a 
new target for HCV therapeutic intervention that may complement 
ongoing efforts to block intracellular replication events with inhibi- 
tors of the HCV proteases and polymerase. 


METHODS 


For more detailed methods see Supplementary Information. 

Pseudoparticles. All pseudoparticles were generated by 293T FuGENE6 (Roche 
Applied Science, Indianapolis) cotransfection of plasmids encoding (1) a min- 
imal HIV provirus (such as pTRIP, V1 or CSxW) encoding a reporter gene or 
other transgene, (2) HIV gag-pol and (3) an appropriate viral gps (HCV E1E2 or 
VSV-G). The pNL43.luc.R.E provirus encodes gag-pol and only requires 
the addition of the gps’. To generate Env pp the glycoprotein vector was 
replaced with empty vector. Pseudoparticle-containing supernatants were har- 
vested at 48 and 72h were pooled and filtered (0.45 um mesh). Pseudoparticle 
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are normalized to the value for M2 added at 4h. Fits of t = 0 and later data 
points represent a one-phase exponential association and sigmoidal 
dose-response (variable slope) for JS81 and M2, respectively (mean of n = 3; 
error bars, s.d.). ¢, Cell fusion assay using 293T acceptor cells expressing Tat- 
regulated GFP alone (white) or together with CLDN1 (black), in co-culture 
with 293T donor cells expressing no transgene (naive), HIV-1 Tat, HCV 
E1E2 or both (mean of n = 3; error bars, s.d.). 


infections were performed in the presence of 41g ml! polybrene. A minimum 
of 48h elapsed between transduction and reporter gene quantification or sub- 
sequent experiments. 

Cyclic lentivirus cDNA library repackaging screen. The V1 lentiviral Huh-7.5- 
derived cDNA library was packaged into VSV-Gpp and applied to 293T cells, 
which were then challenged with HCVpp, encoding either a puromycin (CSPW) 
or zeocin (CSZW) reporter gene, and subjected to antibiotic selection (Sup- 
plementary Fig. 1a). Surviving clones were pooled and a fraction tested for their 
susceptibility to GFP-encoding HCVpp. The populations were subsequently 
either challenged with a different antibiotic resistance gene for further selection 
or transfected with HIV gag-pol and VSV-G expression plasmids to package the 
V1 genomes with the cDNA inserts contained in the surviving 293T cells into 
fresh VSV-Gpp (cyclic packaging rescue, CPR). These were used to transduce 
naive 293T cells for subsequent rounds of screening. Deletions in the 3’-long 
terminal repeat of the CSPW and CSZW proviruses prevented their re-packaging 
such that the newly transduced 293T cells could again be challenged as outlined 
above. 

Cell culture grown HCV (HCVcc). Plasmids encoding the chimaeric J6/JFH 
genome’? and FL-J6/JFH-5'C19Rluc2AUbi reporter genome’? were Xbal linear- 
ized and transcribed using MEGAscript T7 (Ambion, Austin, Texas). RNA was 
electroporated into Huh-7.5 cells using a ECM 830 electroporator (BTX 
Genetronics). High-titre stocks were generated by serial passage through naive 
Huh-7.5 cells. 
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Functional dissection of protein complexes involved 
in yeast chromosome biology using a genetic 


interaction map 
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Maya Schuldiner’, Marinella Gebbia”, Judith Recht®, Michael Shales’, Huiming Ding’, Hong Xu”, Junhong Han’, 
Kristin Ingvarsdottir®, Benjamin Cheng’, Brenda Andrews’, Charles Boone”, Shelley L. Berger®, Phil Hieter’, 
Zhiguo Zhang’, Grant W. Brown’®, C. James Ingles’, Andrew Emili°, C. David Allis®, David P. Toczyski’*, 

Jonathan S. Weissman’”, Jack F. Greenblatt? & Nevan J. Krogan’* 


Defining the functional relationships between proteins is critical 
for understanding virtually all aspects of cell biology. Large-scale 
identification of protein complexes has provided one important 
step towards this goal; however, even knowledge of the stoichi- 
ometry, affinity and lifetime of every protein-protein interaction 
would not reveal the functional relationships between and within 
such complexes. Genetic interactions can provide functional 
information that is largely invisible to protein-protein interaction 
data sets. Here we present an epistatic miniarray profile (E-MAP)' 
consisting of quantitative pairwise measurements of the genetic 
interactions between 743 Saccharomyces cerevisiae genes involved 
in various aspects of chromosome biology (including DNA rep- 
lication/repair, chromatid segregation and transcriptional regu- 
lation). This E-MAP reveals that physical interactions fall into two 
well-represented classes distinguished by whether or not the indi- 
vidual proteins act coherently to carry out a common function. 
Thus, genetic interaction data make it possible to dissect function- 
ally multi-protein complexes, including Mediator, and to organize 
distinct protein complexes into pathways. In one pathway defined 
here, we show that Rtt109 is the founding member of a novel class 
of histone acetyltransferases responsible for Asf1-dependent acet- 
ylation of histone H3 on lysine 56. This modification, in turn, 
enables a ubiquitin ligase complex containing the cullin Rtt101 
to ensure genomic integrity during DNA replication. 

The synthetic genetic array (SGA)* and diploid-based synthetic 
lethality analysis on microarray (dSLAM)’ approaches have enabled 
systematic identification of synthetic sickness/lethal (SSL) relation- 
ships in S. cerevisiae in which pairs of gene deletions are far more 
deleterious together than either of the individual deletions. Although 
individual SSL interactions can be difficult to interpret, the patterns 
of genetic interactions for gene mutations can be more informative 
because they provide high-resolution phenotypes that can be com- 
pared to identify functionally related genes’. Recently, we exploited 
the SGA strategy for generating double mutants to develop an 
approach, termed E-MAP'’, that greatly facilitates such comparisons. 
An E-MAP comprises comprehensive and quantitative measure- 
ments of genetic interactions between pairs of mutations within a 
defined subset of genes linked to one or more specific biological 


processes’. E-MAPs are created by systematically generating yeast 
strains carrying each pair of mutations and measuring their growth 
rates. Genetic interactions are determined by comparing the 
observed fitness of the double mutants to an empirically determined 
typical fitness that would be expected on the basis of the growth 
defects associated with each mutation'*®. This technique allows for 
the identification of not only negative (aggravating) interactions, 
such as SSL pairs, but also positive (alleviating) interactions. 
Positive interactions include suppression, in which double mutants 
are healthier than the sicker of the two single mutants, as well as cases 
in which loss of one gene masks the effect of losing another, as is seen 
when two proteins act together in a common complex or pathway. 

We comprehensively evaluated pairwise genetic interactions for 
754 alleles of 743 genes involved in various aspects of chromosome 
biology (Fig. 1a; see also Supplementary Fig. 1 and Supplementary 
Data). The mutations include deletions of 663 non-essential genes and 
constitutive hypomorphic alleles—constructed using the ‘decreased 
abundance by messenger RNA perturbation’ (DAmP) strategy'—for 
70 essential genes. Genes were selected based on published functional 
studies, protein-protein interaction data’*, earlier genome-wide SSL 
studies’ and chemical sensitivity screens. 

The resulting E-MAP consists of a 754 by 754 matrix of genetic 
interaction scores, where each row corresponds to the pattern (or 
profile) of interactions for one mutant allele ofa gene (Fig. 1a). Using 
hierarchical clustering, we reordered the matrix to sort genes accord- 
ing to the similarity of their genetic interaction profiles. The resulting 
map has a modular structure that distinguishes between major pro- 
cesses such as transcription and chromatin remodelling, DNA rep- 
lication and repair, and sister chromatid segregation. We illustrate 
the high-resolution functional information within these modules by 
focusing on a subcluster containing genes involved in DNA replica- 
tion and repair (Fig. 1b). The general DNA replication factors (for 
example, RPA (RFAI and RFA2) and RFC processivity clamp loader 
subunits (RFC4 and RFC5)) cluster near each other, and are resolved 
from the DNA replication checkpoint complex, Mrcl—Csm3-Tof1. 
The E-MAP also distinguishes groups of genes involved in sensing 
and repairing DNA damage including the RAD52 epistasis group 
(RAD51, RAD52, RAD54, RAD55, RAD57), the MRX complex 
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Figure 1| Hierarchical clustering of genetic interaction patterns. a, Full 
‘clustergram’ of the patterns of interactions for all 754 mutations. Black 
horizontal bars indicate regions of the cluster corresponding to sets of genes 
implicated in the indicated functional processes. b, An enlargement of the 
‘DNA replication and repair’ subcluster from a. The dendrograms indicate 
the relative similarities of the full patterns of interactions for the indicated 


(RAD50, MRE11, XRS2) and the 9-1-1 clamp (DDC1, MEC3, 
RADI7). The complete genetic interaction map, a useful resource 
for future functional studies, is available in Supplementary Data. 

Beyond allowing simple hierarchical clustering, patterns of genetic 
interactions provide an unbiased way to identify sets of genes that 
function together in a coherent manner’*». If two proteins act to- 
gether to carry out a common function, one would expect deletions 
of the two encoding genes to have highly similar profiles of genetic 
interactions, as deletion of either gene would disrupt the same cel- 
lular process. Similarly, one would expect a positive genetic inter- 
action between the two deletions, because in the context of the first, 
the second deletion would incur no additional cost. This relationship 
can be formalized in a COP (complex or pathway) score (see Sup- 
plementary Methods)’, which synthesizes both expectations to cre- 
ate a single mathematical metric. Sets of genes connected by high 
COP scores are analogous to classically defined epistasis groups such 
as the well-studied RAD52 epistasis group (Fig. 1b and Supplemen- 
tary Fig. 2). 

Recently, we used large-scale affinity purification data”* to gen- 
erate a physical interaction map that quantitatively reports through a 
purification enrichment (PE) score on the relative likelihood of each 
protein-protein interaction (see http://interactome-cmp.ucsf.edu)’. 
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Figure 2 | Relationship between genetic epistasis groups and physical 
complexes. a, ROC curves comparing the power of the genetic interaction 
patterns—using the COP score (red) (see Supplementary Methods)—and 
large-scale affinity purification data (blue)—using a recent re-analysis of raw 
purification data’—to predict co-membership of pairs of proteins in the 
same physical complex. The slope of the initial portion of each curve serves 
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genes. Various subclusters are annotated according to their known 
functions. Blue and yellow represent negative and positive genetic 
interactions, respectively. Grey boxes correspond to missing data points. 
Here, and throughout, genes indicated with an asterisk correspond to 
deletions of spurious ORFs that overlap the indicated gene. Genes 
highlighted in red represent novel findings that are referred to in the text. 


The accuracy and completeness of this integrated physical interaction 
map and the present E-MAP now make it possible to explore broadly 
the relationship between physical complexes and genetically defined 
epistasis groups. To evaluate the predictive power of the COP score 
relative to the physically based PE score, we used the protein com- 
plexes in the Saccharomyces Genome Database (SGD)"° to define a 
trusted reference set of ‘true positives’ and ‘true negatives’ (see 
Supplementary Methods). We then used receiver operating char- 
acteristic (ROC) curves'', which measure the rate at which each 
approach identifies true positives versus true negatives, to compare 
the predictive power of the two approaches. 

Notably, the COP score identifies a distinct and large subset of 
protein-protein interactions with a specificity rivalling that of affin- 
ity purification (Fig. 2a; see also Supplementary Fig. 2). A key value of 
the E-MAP, therefore, is that it divides physical interactions into two 
classes: one group in which the proteins function coherently and a 
second in which their patterns of genetic interactions indicate that 
the proteins carry out distinct or even opposing functions. In par- 
ticular, for pairs of physically interacting proteins, the histogram of 
either the genetic interaction scores or the correlation between gen- 
etic interaction patterns shows a roughly bimodal character (Fig. 2b, 
c). Thus, for a large fraction (somewhat greater than half) of physical 


c 
0.2 


Frequency 
° 


0.0 
-0.5 ie} 0.5 
Correlation between 
interaction partners 


0 5.0 1.0 


as a measure of the score’s maximal accuracy. b, Distribution of direct 
genetic interaction scores for pairs of genes encoding physically interacting 
proteins (green) and non-interacting proteins (black) (see Supplementary 
Data). ¢, Distribution of the Pearson’s correlation coefficients between the 
interaction patterns for the same sets of gene pairs as in b. 
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interactions, individual deletions of the two genes cause largely un- 
related phenotypes (see Supplementary Data for a complete compar- 
ison between genetic and physical complexes). 

This ability of genetic interaction maps to reveal whether phys- 
ically interacting proteins mediate a common function allows for 
the systematic dissection of multi-protein complexes into functional 
modules. We illustrate this by analysing Mediator, a conserved 25- 
protein complex critical for regulation of transcriptional initiation’? 
by RNA polymerase II. Previous studies have suggested that Mediator 
is composed of four discrete physical modules: the head, middle, tail 
and CDK modules (Fig. 3b)’*"*. Genetic interaction patterns accur- 
ately distinguish the protein components of these modules (Fig. 3a) 
and reveal distinct patterns of genetic interactions between compo- 
nents of different modules (Fig. 3a). For example, the CDK module 
displays positive genetic interactions with the head, middle and tail 
modules (Fig. 3a, b), consistent with the model in which the CDK 
module opposes the action of the remainder of the complex". 

Our E-MAP data also reveal close functional relationships between 
Mediator components and non-Mediator proteins (Fig. 3a), thereby 
providing insights into specialized roles of the Mediator modules. For 
example, the transcriptional elongation factor TFIIS (Dst1) has a pat- 
tern of interactions highly correlated with patterns of middle module 
components, suggesting that this module may function with Dst1 
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Figure 3 | Functional dissection of the Mediator complex. a, Subsets of the 
genetic interaction profiles for deletion or DAmpP alleles of the indicated 
Mediator components (red, blue, green or orange font corresponding to the 
CDK, tail, middle and head modules, respectively) or non-Mediator genes 
(black type). The dendrogram indicates the relative similarities of the full 
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during or after promoter escape. Conversely, the activator Swi4 clus- 
ters with the tail components, consistent with previous evidence that 
transcriptional activator proteins sometimes recruit Mediator through 
physical interactions with the tail module”’. Finally, mutations of head 
module components behave most like mutations in the core transcrip- 
tional machinery (RNA polymerase II (RPB3, IWR1), TFIIF (TFG1, 
TFG2) and TFIIH (RAD3)), indicating that this module may have a 
critical role in the assembly and/or activity of the pre-initiation com- 
plex, which is consistent with a recent biochemical analysis’». 

In addition to dividing large protein complexes into functional 
sub-modules, the E-MAP-derived epistasis groups reveal many cases 
where proteins cooperate with each other even when they do not 
physically interact. One prominent and previously uncharacterized 
example of such an epistasis group is found within the DNA damage 
cluster (Fig. 1b) and comprises five genes: RTT101, MMS1, MMS22, 
RTIT109 and ASF1 (Fig. 4a). Rtt101 is one of four cullins in budding 
yeast and is functionally’ and physically associated with Mmsl1, 
Mms22, the E2 ubiquitin conjugating enzyme Cdc34, and the 
RING finger protein Hrtl (refs 8-10, 16). This complex thus has 
features characteristic of ubiquitin ligases that target proteins for 
proteasomal degradation. RTT109 is a poorly characterized open 
reading frame (ORF) identified as a regulator of Ty1 transposition". 
Finally, Asf1 is a well-studied histone chaperone implicated in several 
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interaction patterns for the mutations shown. Blue and yellow represent 
negative and positive genetic interactions, respectively. Grey boxes 
correspond to missing data points. b, Modular organization of the Mediator 
complex" and close functional relationships between the Mediator modules 
and other transcriptional regulators. 
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processes including chromatin assembly’’, suppression of spurious 
transcriptional initiation'® and the acetylation of histone H3 on 
lysine 56 (K56)"”. 

Examination of interaction patterns suggests that the underlying 
functional connection between the members of this epistasis group is 
mediated through the cell-cycle-dependent acetylation of H3 K56 
(refs 20-22). For example, deletion of HST3, which encodes the 
enzyme primarily responsible for H3 K56 deacetylation*!”’, shows 
positive genetic interactions with these genes (Fig. 4a). Consistent 
with this, deletion of ASFI1 (ref. 22), RTT101, RTT109, MMS1 or 
MMS22 suppresses the growth defect caused by hyperacetylation in 
hst3A hst4A strains (Fig. 4b). As seen for the asf1A strain, deletion of 
RTT109 eliminates detectable K56 acetylation in vivo (Fig. 4c)”. 
Deletion or temperature-dependent inactivation of each known yeast 
histone acetyltransferase (HAT) protein has little effect on global 
levels of K56 acetylation in vivo, suggesting that Rtt109 itself might 
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be the responsible HAT. Indeed, we found that Rtt109, both affinity- 
purified from yeast (Fig. 4d) and recombinantly produced from 
Escherichia coli (Fig. 4e), acetylates itself as well as recombinant 
histone H3. Western blot analysis using a residue-specific anti- 
body confirmed that Rtt109 acts on K56 (Fig. 4d). Mutation of two 
universally conserved adjacent aspartic acid residues abolished K56 
acetylation both in vivo and in vitro (Fig. 4f, g). Notably, Rtt109 is 
itself acetylated on K290 (data not shown), just two amino acids away 
from the conserved aspartic acids, suggesting that auto-acetylation 
may bea mechanism of regulation. Finally, addition of Asf1 markedly 
enhances the in vitro H3 K56 acetylation activity of Rttl09 (Sup- 
plementary Fig. 4), suggesting that the Asfl requirement for the 
acetylation in vivo reflects Asfl’s ability to bind to and present H3— 
H4 heterodimers**”’. These observations indicate that Rtt109 is the 
founding member of a new family of HATs that shares no detectable 
sequence similarities with previously known HATs. 
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Figure 4 | Characterization of the histone H3 K56 acetylation pathway. 

a, A subset of the genetic interaction patterns for RTT101, MMS22, MMS1, 
RTT109 and ASF1. Shading as in Fig. 1. b, The growth of strains was assessed 
by plating (sevenfold) serial dilutions and incubating at either 23 °C or 37 °C. 
c, Western blot analysis was used to assess the K56 acetylation levels in wild- 
type, asf1A, rtt101A, rtt109A, mms1A and mms22A strains in HST3 HST4 
(wild type) or hst3A hst4A backgrounds. d, In vitro acetylation activity of 
Rtt109 purified from either Rtt109-TAP or Vps75-TAP strains (Rtt109 and 
Vps75 are complexed (Supplementary Fig. 3)*) was monitored by 
incorporation of radiolabel from 'C-acetyl-coenzyme A (CoA) into either 
the purified Rtt109 or recombinant Xenopus laevis histone H3 purified from 
bacteria. No protein was added in the control reaction. Histone acetylation 


was also monitored using antibody directed against K56 acetylated histone 
H3. CBP, calmodulin binding peptide. e, Recombinant histone H3, 
recombinant GST-Rtt109, or both, were incubated with acetyl-CoA. K56 
acetylation was assessed by western blotting. f, Western blot analysis was 
used to assess K56 acetylation levels in a wild-type strain and in rtt109A 
strains episomally expressing either nothing (Artt109), wild-type Rtt109 
(+ Rtt109), or Rtt109 mutated at D287A and D288A (+ Rtt109 DDAA). 
g, In vitro HAT assays were carried out using the indicated Rtt109 protein 
purified from Vps75-TAP strains. Results were analysed by western blot 
analysis. Mass spectrometry analysis confirmed that mutated Rtt109 
(DDAA) still physically associates with Vps75 (data not shown). h, Model for 
the histone H3 K56 acetylation signalling pathway. 
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Unlike Rtt109 and Asf1, loss of Rtt101, Mms22 or Mms1 sup- 
presses the HST3/HST4 double deletion without preventing H3 
K56 hyperacetylation (Fig. 4b, c). This suggests that the Rtt101 cullin 
complex is the major downstream effector of this acetylation path- 
way, thereby providing insight into this modification’s physiological 
role. Specifically, defects in the progression of replication forks 
through damaged DNA and natural pause sites’” seen in a rtt101A 
strain (as demonstrated by prolonged activation of the checkpoint 
protein Rad53 after methyl methanesulphonate treatment) are also 
seen when H3 K56 acetylation is blocked by deletion of RTT109 or 
ASF1 (Supplementary Fig. 3). Furthermore, RTT101, MMS22 and 
MMS! deletions confer no additional sensitivity to DNA-damaging 
agents when combined with deletion of ASF1 (J. Erkmann and P. 
Kaufman, personal communication). Taken together, these data sug- 
gest a model (Fig. 4h) in which H3 K56 acetylation acts upstream of 
the Rtt101 ubiquitin ligase complex—which is presumably targeting 
one or more proteins for degradation by the proteasome—to pro- 
mote replication fork progression through damaged DNA. On the 
basis of positive genetic interactions in the E-MAP (Fig. 4a; see also 
Supplementary Data), potential targets include components of the 
replication checkpoint complex (Mrcl, Csm3, Tofl) and proteins 
involved in chromatid cohesion (Decl, Ctf4, Ctf8, Ctf18). Given that 
H3 K56 acetylation accumulates to ~50% during S phase’, K56 
acetylation may generally serve to mark newly synthesized DNA 
and allow the activity of Rtt101 to be specifically targeted to such 
regions during DNA synthesis. More broadly, this example shows 
that analysis of E-MAPs can illuminate complex biological pathways 
with high precision. Success here and in earlier work using hypo- 
morphic alleles'”* for genetic interaction studies points to the poten- 
tial for extending this approach to metazoans using technologies such 
as RNA interference. 


METHODS 


Strains were constructed and E-MAP experiments were performed as described 
previously”. Genetic interaction scores were computed as described in ref. 6. 
Histone acetyltransferase assays were performed as described”, using immuno- 
precipitates from whole-cell extracts prepared from yeast strains containing one 
gene with a tandem affinity purification (TAP) tag*. More details for experi- 
mental assays, as well as a description of the data analysis, are provided in 
Supplementary Methods. 
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Conserved factors regulate signalling in Arabidopsis 
thaliana shoot and root stem cell organizers 


Ananda K. Sarkar'*+, Marijn Luijten’*, Shunsuke Miyashima’, Michael Lenhard’+, Takashi Hashimoto’, 
Keiji Nakajima’, Ben Scheres”, Renze Heidstra” & Thomas Laux’ 


Throughout the lifespan of a plant, which in some cases can last 
more than one thousand years, the stem cell niches in the root 
and shoot apical meristems provide cells for the formation of 
complete root and shoot systems, respectively. Both niches are 
superficially different and it has remained unclear whether com- 
mon regulatory mechanisms exist. Here we address whether root 
and shoot meristems use related factors for stem cell maintenance. 
In the root niche the quiescent centre cells, surrounded by the stem 
cells, express the homeobox gene WOX5 (WUSCHEL-RELATED 
HOMEOBOX 5)', ahomologue of the WUSCHEL ( WUS) gene that 
non-cell-autonomously maintains stem cells in the shoot meri- 
stem’. Loss of WOXS5 function in the root meristem stem cell 
niche causes terminal differentiation in distal stem cells and, 
redundantly with other regulators, also provokes differentiation 
of the proximal meristem. Conversely, gain of WOX5 function 
blocks differentiation of distal stem cell descendents that normally 
differentiate. Importantly, both WOX5 and WUS maintain stem 
cells in either a root or shoot context. Together, our data indicate 
that stem cell maintenance signalling in both meristems employs 
related regulators. 

Higher organisms evolved the ability to keep founder cells un- 
differentiated and pluripotent by signals provided in specialized stem 
cell niches*. In the model plant Arabidopsis thaliana, root and shoot 
meristem stem cell niches are organized differently compared with 
each other’. In the root meristem, the stem cells surround a small 
group of rarely dividing cells, termed the quiescent centre (Fig. 1a), 
and give rise to distal (columella), lateral (lateral root cap and epi- 
dermis) and proximal (cortex, endodermis and stele) cell types. 
Ablation studies show that short range signals from the quiescent 
centre keep only the directly abutting stem cells undifferentiated’, 
similar to most animal stem cell niches studied so far’. In contrast, 
in the shoot meristem, a zone of three stem cell layers is maintained by 
an underlying organizing centre’ (Supplementary Fig. 1a), which reg- 
ulates the stem cell pool as a whole. In addition, the regulatory genes 
described so far for root and shoot stem cell niches are different’. 

In the shoot meristem, a feedback mechanism between the organ- 
izing centre and stem cells dynamically regulates maintenance of the 
stem cell pool: WUS activity in the organizing centre keeps stem cells 
undifferentiated and induces expression of the signal peptide 
CLAVATA3 (CLV3), which in turn restricts the size of the WUS 
expression domain (Supplementary Fig. 1a)”*. We asked whether a 
related stem cell maintenance mechanism might operate in the root 
by analysing the WOX family for functions in the root meristem’. 
Expression of WOX5 messenger RNA’ and a WOX5-GUS reporter 
gene initiates in the embryonic cell lineage that gives rise to the 
quiescent centre (Supplementary Fig. 1b), and persists in the 


quiescent centre (Fig. 1b; and Supplementary Fig. 1c) during post- 
embryonic root growth. This expression pattern is strikingly similar 
to that of WUS in the shoot meristem’ (Supplementary Fig. 2), rais- 
ing the question of whether both genes might have similar functions 
in the respective stem cell niches. 

In seedlings of the putative null allele wox5-1 (Supplementary Fig. 
1d, e), the cells at the quiescent centre position have abnormal shape 
and are enlarged in comparison to wild type (Fig. lc, d, arrows, and 
Supplementary Table 1). Notably, adjacent columella stem cells are 
even larger, suggesting that they have undergone differentiation 
(Fig. 1d, bottom arrow). No other abnormality was observed in 
wox5-1 mutants. Complementation of the mutant defects by a 
WOX5 complementary DNA construct confirmed that the wox5-1 
mutation causes the observed phenotype (Supplementary Fig. 3a). 


Figure 1| WOXS5 expression in the quiescent centre is required for root 
meristem development. a, Schematic of A. thaliana root meristem with 
columella (col), columella stem cells (CSC), quiescent centre (QC), lateral 
root cap (Irc), epidermis (ep), cortex (c), endodermis (en) and vascular 
bundle (vas), redrawn with permission from ref. 4. b, WOX5 mRNA 
expression in the quiescent centre. c—d, wox5-1 roots display enlarged cells at 
the quiescent centre and columella stem cell (CSC) positions. Scale bars, 
50 pum. 
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Of several quiescent-centre-specific reporter genes’, only QC184 is 
not expressed in wox5-1 and expression is lacking as early as the heart 
embryo stage (Fig. 2a, b, d, e; and Supplementary Table 2), indicating 
that WOX5 functions in root development from early embryogen- 
esis. In contrast, QC25, QC46 and WOX5-GUS are expressed in 
slightly expanded domains compared to wild type (Fig. 2c, f; Sup- 
plementary Fig. 3c—h; and Supplementary Table 2). These data 
indicate that WOX5 is required for some aspects of quiescent- 
centre-specific gene expression, but seems not to be a major factor 
in quiescent centre specification. 

We asked whether in wox5-1 roots the distal stem cells might have 
undergone premature differentiation, which in the columella can be 
visualized by the accumulation of starch-granule-containing orga- 
nelles involved in gravitropic sensing. Indeed, in wox5-1 roots, the 
cells at the stem cell position, but not the quiescent centre, accu- 
mulate starch granules (Fig. 2e, f; and Supplementary Table 2). In 


Figure 2 | WOXS represses differentiation in the columella. a—f, wox5-1 
heart-torpedo stage embryos (d) and root tips (e) lack QC184 expression, 
express WOX5-GUS (f) in an enlarged domain and accumulate starch at the 
CSC position (e, f). g, h, 35S- WOX5 expression gives small cells in the 
columella, which lack QC46 expression and starch grains (h). j-1, Quiescent 
centre ablation (arrow) does not induce differentiation (j, k), whereas 
transfer to non-inducing medium does (I; control, i). Nomarski (a-i, k, I) and 
confocal (j) median longitudinal images are shown. GUS staining, blue; 
starch, violet; waved brackets, extra small cells; COL, columella; CSC, 
columella stem cells; QC, quiescent centre; DEX, dexamethasone. Scale bars, 
20 um (a, d), 50 tm (b, ¢, e, f, H-1) and 10 pm (g, h). 
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contrast, the proximal meristem appears normal. These findings 
indicate that WOX5 gene expression in the quiescent centre is re- 
quired to non-cell-autonomously maintain the distal stem cells as 
undifferentiated, similar to the role of WUS in the shoot’. 

We then investigated whether WOXS activity is also sufficient to 
repress columella cell differentiation, by ubiquitously expressing 
a dexamethasone (DEX)-inducible WOX5 gene. DEX induction 
results in small cells that lack starch granules in the place of differ- 
entiated columella and lateral root cap cells (Fig. 2h, i; Supplemen- 
tary Fig. 4a; and Supplementary Table 1), indicating that they have 
not undergone normal differentiation. Unlike quiescent centre cells, 
the small cells divide, as shown by the continuously increasing cell 
number and expression of the cell cycle marker CYCB1-GUS (Supple- 
mentary Fig. 4b) and quiescent centre markers are not induced 
(Fig. 2h). Consistent with a loss of differentiated columella cells, 
35S[GVG]-WOX5 (35S-WOX5; Supplementary Methods) roots dis- 
play reduced gravitropism (Supplementary Fig. 4c). After withdrawal 
of DEX, however, the small cells readily accumulate starch grains 
typical for differentiated columella cells (Fig. 21). Normally, laser abla- 
tion of the quiescent centre causes differentiation of stem cells”"®, but 
this did not have any effect in 35S-WOX5 (Fig. 2j, k). Thus, ectopic 
WOXS expression is sufficient to block differentiation of columella 
stem cell daughters without the requirement of any further quiescent 
centre signalling. 

Previous studies highlighted auxin-dependent transcription of the 
PLETHORA (PLT) genes and SHORTROOT/SCARECROW (SHR/ 
SCR) functions as essential components in root meristem mainten- 
ance and we asked how WOXS5 interacts with these pathways”''"’. In 
mutants for the auxin response regulators BODENLOS (BDL) or 
MONOPTEROS (MP; Fig. 3d-f; and Supplementary Table 3), 
WOXS expression is rarely detected, consistent with the notion that 
BDL/MP-mediated auxin signalling is required for the embryonic 
initiation of the quiescent centre’®'*. Auxin accumulation in the 
quiescent centre region provides patterning information to the root 
meristem mediated through PLT genes”’**. In wox5-1 mutants, 
auxin accumulation seems normal based on the expression of the 
auxin response reporter gene DR5-GUS (Supplementary Fig. 5a, 
b). In plt1 plt2 double mutants, WOX5 expression is occasionally 
slightly expanded (Fig. 3g—i; and Supplementary Table 3), whereas 
PLT1 expression is normal in wox5-1 (Supplementary Fig. 5c, d and 
Supplementary Table 2). 

The SHR protein moves from provascular cells into the quiescent 
centre and activates transcription of the SCR gene"®, which is required 
to specify quiescent centre identity and to maintain stem cells’’. 
WOXS expression is reduced or undetectable in shr and scr mutants 
(Fig. 3j-l; Supplementary Fig. 5g-i; and Supplementary Table 3), 
whereas an SCR reporter gene is correctly expressed in wox5-1 roots 
(Supplementary Fig. 5e, f; and Supplementary Table 2). Collectively, 
our data indicate that WOX5 expression depends on the induction in 
the root pole by MP-mediated auxin signalling and on SHR/SCR 
activity, whereas PLT] and PLT2 have only a minor role in confining 
WOXS expression to the quiescent centre. 

The requirement of WOX5 for only columella stem cell mainten- 
ance suggests unidirectionality of this signalling pathway in stem cell 
control, similar to WUS-mediated stem cell control in the shoot stem 
cell niche. We investigated whether effects of the wox5-1 mutation on 
the proximal meristem might be masked by redundant functions. 
Indeed, in scr-4, shr-1 single mutants and p/tl plt2 double mutants, 
the wox5-1 mutation promotes differentiation in the proximal region 
of the root meristem in addition to its effects on distal stem cells 
(Fig. 3m; and Supplementary Fig. 5j, k). This suggests that WOX5 
gene expression in the quiescent centre redundantly contributes to 
proximal stem cell activity or alternatively that WOX5 has a stem- 
cell-independent function in the proximal meristem, as has been 
reported for its upstream regulator SCR" (Supplementary Fig. 7). 

The striking similarities of WOX5 and WUS expression patterns 
and functions in root and shoot stem cell niche organizers raised the 
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Figure 3 | WOXS interaction with SHR/SCR and auxin pathways. 

a-l, Hybridization with WOX5 antisense probe. WOX5 expression was 
detected in wild type (a—c), absent in bdl and mp (d-f, inset shows sporadic 
exceptions), deregulated in plt1 plt2 (g—i), and undetectable in scr-4 

(j-l, insets show sporadic exceptions). m, wox5-1 enhances differentiation in 
the proximal meristem in scr-4 (inset), shr-1 and plt1 plt2 mutants. Error 
bars, s.d. Longitudinal median histological (a, b, d, e, g, h, j, k) and 
optical (c, f, i, , m) sections are shown. Four-day-old roots (¢, i, |) or middle 
stage embryos (f) were used. Hybridization signal is red—blue; asterisk, 
reddish colour is staining independent of hybridization reaction. 

Arrows, quiescent centre position. Scale bars, 25 jm (a, b, d-f, g, h, j, k) and 
50 tum (¢, i, I). 


LETTERS 


WUS-WOXS/Wus-1 


WUS-WOX5/wus-1 


eed ~Wus-1 
Figure 4 | WOXS5 and WUS are interchangeable in stem cell control. 
a, b, WOX5-WUS expression restores quiescent centre and columella stem 
cells (white arrows) in wox5-1. Violet, starch grains. cf, Rescue of the shoot 
meristem stem cell niche. wus-1 shoot (c) and floral meristem (e) fail to 
maintain stem cells and terminate prematurely. WUS-WOX5 expression 
restores an indeterminate inflorescence meristem (d) and complete flowers 
(f). Twenty-six-day-old plants (c, d) and flowers (e, f) are shown. White 
arrows indicate shoot apex (¢, d). pe, petal; st, stamen. Scale bars, 1 cm 
(c, d), 1 mm (e, f) and 50 tum (a, b). 


question of whether both genes are functionally equivalent. Indeed, 
expression of the WUS cDNA from the WOX5 promoter completely 
restores quiescent centre and stem cells in the wox5-1 root meristem 
(Fig. 4a, b; and Supplementary Fig. 6a, b). Interestingly, ectopic shoot 
tissue was never observed when WUS was expressed in the quiescent 
centre. This contrasts to previous studies expressing WUS in a 
broader range of cell types'’ and favours the interpretation that 
organizer signalling only maintains stem cells as undifferentiated, 
whereas the fate of differentiating daughters is determined by the 
tissue context. Conversely, expression of a WUS-WOX5 transgene 
rescues premature termination of inflorescence meristems and 
occasionally of floral meristems in the putative null allele wus-1 
(Fig. 4c—f; and Supplementary Fig. 6d—g). The rescued wus-1 mutants 
resemble the weak wus-6/jam allele’, suggesting that the WUS- 
WOXS5 transgene complements WUS function but provides a 
reduced level of organizing centre signalling. Defective ovule devel- 
opment in wus mutants is not rescued by WUS-WOXS5 (Supple- 
mentary Fig. 6c), indicating that both regulators are interchangeable 
in only stem cell maintenance. Significantly, the early embryo 
genes WOX8 and WOX9 are not able to rescue wus-1 defects (H. 
Breuninger and T.L., unpublished observations), showing that the 
ability to regulate stem cell maintenance is not a general property of 
WOX proteins. 
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The extent of mechanistic similarity and evolutionary relationship 
between root and shoot stem cell niches has remained unclear thus 
far. Here we show that the organizers of both niches employ related 
regulators to provide stem cell maintaining signals. However, there 
also seem to be differences between both niches. For example, CLV3 
homologues promote meristem differentiation but do not influence 
stem cell maintenance in the root on overexpression and it is thus 
unknown whether roots, similar to shoots, employ a WUS-—CLV3 
related feedback mechanism'””®. 

Our results suggest that WOX5 in the root stem cell niche has a 
more direct function in stem cell signalling, rather than in specifying 
quiescent centre identity (Supplementary Fig. 7). The nature of the 
signals that are induced by WUS/WOXS expression in the stem cell 
organizers is presently unresolved. WOXS protein itself or a down- 
stream factor might move to stem cells as the long-postulated short- 
range factor’. To date, WOXS protein has not been robustly detected, 
presumably owing to very low expression levels. However, on the 
basis of localization of a functional WUS-GUS fusion protein, move- 
ment of WUS protein out of the organizing centre seems not to be 
necessary for its function in shoot meristem stem cell maintenance, 
indicating that factors downstream of WUS act as signals (Sup- 
plementary Fig. 6h, i). 

Palaeobotanical evidence for early root structures is controversial, 
but the current view is that roots have evolved independently at least 
twice in Lycophytina and Euphyllophytina*’”’. It remains to be 
shown whether WUS and WOX5 shared an ancestral function in stem 
cell control since root and shoot separation, or whether they have 
been recruited for this function after the diversification of stem cell 
niches. 


METHODS 
Plant work. wox5-1 (SALK038262) and wox5-3 (SALK147644) are transfer (T)- 
DNA insertion alleles in the Columbia (Col) accession and were obtained from 
the Arabidopsis Biological Resource Center (ABRC, USA) and the Nottingham 
Arabidopsis Stock Center (NASC, UK). 7X DR5-GUS”* was kindly provided by 
J. Marfett, and mp”! (ref. 14) by G. Jiirgens (Tubingen). Root length and 
meristem size were measured as described'®. The number of meristematic cells 
was obtained by counting cortex cells showing no signs of rapid elongation. 
Quiescent centre laser ablations were performed in 4-day-old roots using a 
Leica SP2 inverted confocal laser scanning microscope’. Roots were stained 
for amyloplasts using Lugol (Sigma) 24-h after ablation”. For confocal micro- 
scopy, root tips were mounted in 10ugml~' propidium iodide solution. 
Microscope settings were as described’. 
Expression analysis. Starch granules™ and B-glucuronidase activity’ were visua- 
lized as described. 35S-WOX5 seedlings were cultured on standard 0.5 MS 
medium supplemented with or without 1 1M dexamethasone. In situ hybridiza- 
tion of sections, whole-mount embryos, and 4-day-old seedlings were performed 
as described’™*. The PLT] riboprobe has been described previously'’*. The WOX5 
riboprobe was prepared from a cDNA without the homeobox to avoid cross- 
hybridization with related mRNAs. 

Further experimental details are provided as Supplementary Information. 
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Abundant evidence suggests that a unifying principle governing the 
molecular pathology of cancer is the co-dependent aberrant regu- 
lation of core machinery driving proliferation and suppressing 
apoptosis’. Anomalous proteins engaged in support of this tumori- 
genic regulatory environment most probably represent optimal 
intervention targets in a heterogeneous population of cancer cells. 
The advent of RNA-mediated interference (RNAi)-based functional 
genomics provides the opportunity to derive unbiased comprehens- 
ive collections of validated gene targets supporting critical bio- 
logical systems outside the framework of preconceived notions of 
mechanistic relationships. We have combined a high-throughput 
cell-based one-well/one-gene screening platform with a genome- 
wide synthetic library of chemically synthesized small interfering 
RNAs for systematic interrogation of the molecular underpinnings 
of cancer cell chemoresponsiveness. NCI-H1155, a human non- 
small-cell lung cancer line, was employed in a paclitaxel-dependent 
synthetic lethal screen designed to identify gene targets that specif- 
ically reduce cell viability in the presence of otherwise sublethal 
concentrations of paclitaxel. Using a stringent objective statistical 
algorithm to reduce false discovery rates below 5%, we isolated a 
panel of 87 genes that represent major focal points of the auto- 
nomous response of cancer cells to the abrogation of microtubule 
dynamics. Here we show that several of these targets sensitize lung 
cancer cells to paclitaxel concentrations 1,000-fold lower than 
otherwise required for a significant response, and we identify 
mechanistic relationships between cancer-associated aberrant gene 
expression programmes and the basic cellular machinery required 
for robust mitotic progression. 

Paclitaxel and related taxanes are routinely used in the treatment of 
non-small-cell lung cancer (NSCLC) and other epithelial malignan- 
cies. Although objective responses and survival benefits are seen, 
complete responses are uncommon. Half-maximal inhibitory con- 
centrations (ICs9 values) of Paclitaxel in a panel of 29 human primary 
lung-tumour-derived cell lines spanned a wide range of concentra- 
tions, from 1 nM to more than 1 mM (M.P., L.G. and J.D.M., unpub- 
lished observations). From this panel, we selected the NSCLC line 
NCI-H1155 for a genome-wide paclitaxel synthetic-lethal screen, 
given the ICs9 (about 50nM) for this line, which is tenfold that 
observed for many other lines with similar proliferation rates. A 
high-efficiency, high-throughput short interfering RNA (siRNA) 
reverse transfection protocol was designed on the basis of our obser- 
vations that transient trypsin-mediated suspension of adherent cul- 
tures markedly enhances the cellular uptake of liposome/nucleic acid 
particles** (Supplementary Fig. 1a). 

We employed a library of 84,508 siRNAs corresponding to four 
unique siRNA duplexes, targeting each of 21,127 unique human genes 


arrayed in a one-gene—one-well format on 96-well microtitre plates 
(Supplementary Table 1). Transfections were performed in sextupli- 
cate for triplicate analysis in the presence and the absence of paclitaxel 
(Supplementary Fig. 1b). A 48-h exposure to 10nM paclitaxel was 
used as an otherwise innocuous dose that was in range ofa significant 
response at a tenfold higher drug concentration (Supplementary Fig. 
1c). Cell viability was measured using ATP concentration, and raw 
values were normalized to internal reference control samples on each 
plate to permit plate-to-plate comparisons* (Supplementary Table 1 
and Supplementary Fig. 1f). Each siRNA pool was assigned a viability 
ratio calculated as mean viability in paclitaxel divided by mean viab- 
ility in the absence of drug (meaNpactitaxei/ M€AN carrier) (Supplementary 
Fig. 1d). 

An objective protocol for the selection of significant ‘hits’ was 
derived to combine reproducibility of testing with magnitude of 
response (Supplementary Fig. le, and Methods described therein). 
First, we set a 5% false discovery rate (FDR) by using two-sample 
t-tests from the triplicate analysis together with P-value corrections 
for the multiplicity of testing * (Supplementary Table 2). Second, we 
selected all samples that both satisfied a 5% FDR and were present in 
the 2.5-centile rank of the viability ratios (Supplementary Table 3 and 
Supplementary Fig. le). A set of 87 candidate paclitaxel-sensitizer 
loci, defined as ‘high-confidence hits’, was identified that satisfied 
these criteria (Table 1). Retests of a subset of these candidates with 
independently synthesized siRNA pools reproduced a significant res- 
ponse to 10 nM paclitaxel (Fig. 1a). 

A5% FDR isa highly stringent cut-off that may produce many false 
negatives. Nonetheless, this cut off returned many candidates with 
overlapping functional relationships, including macromolecular com- 
plexes, receptor—ligand pairs, and products of related aberrant gene- 
expression programmes (Table 1, Fig. 1b—e, and Supplementary Table 
4). Most striking was the presence ofa large group of core components 
of the proteasome (Fig. 1b), consistent with numerous empirical 
observations of enhanced sensitivity to paclitaxel in cancer cells after 
proteasome inhibition. Multiple targets encoding proteins involved in 
the dynamics and function of microtubules were also isolated’ 
(Table 1). Relaxing the FDR to 10% returned most of the known main 
components of the y-tubulin ring complex (y-TuRC), a central ele- 
ment of the microtubule organizing centres that nucleate the forma- 
tion of the mitotic spindle’® (Fig. 1c, and Supplementary Table 4). 
Isolation of these components is evocative of a successful primary 
screen, because the mitotic spindle apparatus is exquisitely sensitive 
to the inhibition of microtubule dynamics by paclitaxel and is prob- 
ably the biologically relevant drug target in cancer cells''. The prob- 
abilities of this extent of enrichment of proteasome subunits and of 
y-TuRC subunits by random chance are 1 in 10!° (P< 0.0000000001) 


'Department of Cell Biology, 7Reata Pharmaceuticals, 7Hamon Center for Therapeutic Oncology Research, “Simmons Cancer Center, ?Department of Biochemistry, and °Center for 
Biostatistics and Clinical Science, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA. 
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Symbol Comments; motifs Symbol Comments; motifs 
Proteasome Transcription 
PSMA6 Proteasome subunit RP9 Z£nF_C2HC 
PSMA7 Proteasome subunit ZFPM1 ZnF_C2H2(x9) 
PSMA8 (MGC26605) Proteasome subunit ZNF503 ZnF_C2H2 
PSMB1 Proteasome subunit ZNF585A KRAB; ZnF_C2H2(x21) 
PSMC3 Proteasome subunit C110RF30 ENT 
PSMD1 Proteasome subunit TRIM15 RING, BBOX, PRY, SPRY 
PSMD3 Proteasome subunit 
Translation 
Microtubule-related RARSL Arginyl-tRNA synthetase-like; Arg_S Core, tRNA- 
synt_1d_C 
TUBGCP2 y-TURC subunit; Spc97_Spc98 LOC390876 Similar to 60S ribosomal protein L35; coiled-coil 
TUBA8 ot-Tubulin LOC388568 Similar to ribosomal protein S15 isoform 
DNHD1 (FLJ32752) Dynein heavy-chain subunit SYMPK 
DNAH10 (FLJ43808) Dynein heavy-chain subunit SYNCRIP RRM 
TBL1Y Transducin (B)-like 1Y-linked; LisH, WD40 BCDIN3 (FLJ20257) Bin3, PrmA 
MPP7 AGUK family; L27, PDZ_signalling, SH3, LOC144233 Bin3 
GMPK 
Post-translational modification Channel 
FBXO18 FBOX, UvrD-helicase ATP6VOD2 Lysosomal H* transporter; vATP-synt_AC39 
RAI17 Similar to PIAS; zf-MIZ SLC34A3 Solute carrier; Na_Pi_cotrans 
RNF151 RING 
LOC389822 (DKFZp434E1818) = Transmembrane, RING Membrane protein 
LOC401506 (new LOC648245) RING BEAN Transmembrane, basic domain 
HS6ST2 Heparan sulphotransferase LRRTM1 LLRNT, LRR (<9), transmembrane 
GAL3ST4 Galactose sulphotransferase MGC31967 Transmembrane, C-C 
MGC4655 Galactosyl_T TMCO5 (MGC35118) Transmembrane, C-C 
Cell adhesion/ECM receptor Other 
PAPLN Proteoglycan-like sulphated glycoprotein; PDDC1 (FLJ34283) GATase1_Hsp31_like 
TSP1.KU, IGcam 
KIAA1920 Similar to chondroitin sulphate proteoglycan 4 C14ORF148 Predicted NADP oxidoreductase; PSCR 
LRFN5 LRR, COG4886, IGcam, transmembrane CWF19L2 Similar to CWF19; CwfJ_C_1, CwfJ_C_2 
MGC33424 G_FLMN, CAP10, KDEL PRICKLE1 Planar cell polarity, nuclear receptor for REST; PET, 
LIM (x3) 
C1QTNF3 C1q CA10 Carbonic anhydrase; alpha_CARP_X_XI_like 
ITIHS VIT, vWA_interalpha_trypsin_inhibitor FAM14B Similar to ISG12, alFN-inducible; Ifi-6-16 
IGSF21 (MGC15730) Gcam TIP39 PTHR2 ligand 
HSN2 Hereditary sensory neuropathy locus 
Gametogenesis-associated/cancer 
testis antigens 
ACRBP sp32, Kazal Unknown 
FMRINB Transmembrane (X2), basic domain OD9 ACHT, LRR 
STARD6 START F25965 
FSIP1 CC (X2) LOC348262 
C8orf33 (FLJ2Z0989) 
Receptor ANKRD41 (FLJ39369) Ankyrin domains (ANK) 
NTNG2 LamNT, EGF_Lam CCDC38 (FLJ40089) Coiled-coil 
GPR144 PTX, GPS, 7transmembrane_2 C2orf33 (GLO04) DUF800 
PDCL Similar to phosducin LF1 (LOC145741) NF-«B target gene 
BUO77088 (LOC284409) = Transmembrane 
Ras family BX103302 (LOC284931) 
FGD4 FYVE, RhoGEF and PH-domain-containing 4 LOC340109 
FLJ32810 Rho_GAP, SH3 C21orf111 (LOC388830) 
SIPA1L2 Rap_GAP, PDZ_signalling LOC400236 
RAB9A RAB LOC400861 
SYT13 Rab effector; C2 LOC55924 
LOC56181 DUF729 
MGC10701 
MGC15634 
LOC56390 (LOC388497) 
LOC257396 


and 1 in 3 X 10° (y-TuRC, P= 0.000000003), respectively, as calcu- 
lated by hypergeometric distribution analysis. 

A surprising observation was the enrichment of genes, the express- 
ion of which is normally restricted to the testis. Four of these are 
known to encode tumour antigens that are markedly upregulated in 
many tumour types including NSCLC, breast cancer and melanoma 
(Fig. le; P=0.003 (hypergeometric distribution)). The restricted 
expression pattern and immunogenicity of cancer/testis antigens 
(CT antigens) has driven forward efforts for their use in cancer vac- 
cines even in the absence of functional information’’. Their iden- 
tification in this screen suggests the obligatory participation of some 
CT antigens in aberrant cancer-cell regulatory programmes. 
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To probe the extent of chemosensitization that can be conferred by 
target gene depletion, a panel representing six functionally diverse 
groups from the ‘high-confidence’ hit list was selected. This panel 
included the following: CT-antigen ACRBP; the proteasome subunit 
PSMA6; the y-TuRC protein TUBGCP2; a heparin sulphate transfer- 
ase, HS6ST2, with significantly enriched expression in lung tumour 
tissue compared with normal lung (L.G. and J.D.M., unpublished 
observations); a vacuolar ATPase subunit, ATP6VO0D2, expressed 
from a locus amplified in several lung cancer lines; and FGD4, a 
CDC42 activator. As controls for ‘off-target’ siRNA phenomena, 
we verified that each siRNA pool resulted in target gene knockdown, 
that at least two single siRNAs would recapitulate the phenotype 
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when tried separately, and that distinct pools of four more independ- 
ent siRNAs against each gene also resulted in target knockdown and 
paclitaxel sensitization (Supplementary Fig. 2a—d). 

We next examined the consequence of target depletion on res- 
ponses to a broad range of concentrations of paclitaxel, vinorelbine 
and gemcitabine. Paclitaxel and vinorelbine impair mitotic spindle 
assembly through independent mechanisms that suppress micro- 
tubule dynamics". In contrast, gemcitabine induces replication- 
stress-dependent apoptosis through DNA chain termination’. 
Several targets displayed significant collaboration with paclitaxel 
concentrations 1,000-fold below that used for the primary screen 
(Fig. 2a). Exposure to paclitaxel for a further 24—48 h magnified these 
differences: some groups responded to paclitaxel concentrations 
10,000-fold lower than otherwise required (Fig. 2d). Cell survival 
curves and colony assays suggest that the decrease in cell number is 
a consequence of cell death rather than a transient delay in prolifera- 
tion (Supplementary Fig. 3a, b). Some targets also significantly 
enhanced sensitivity to vinorelbine but, for the most part, only at 
concentrations at which vinorelbine alone detectably impaired cell 
viability (Fig. 2b). In contrast, target depletion had no remarkable 
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Figure 1| Functional relationships among candidate paclitaxel-sensitizing 
siRNA targets. a, Retests of a panel of independently synthesized siRNA 
pools targeting candidate genes that modulate paclitaxel sensitivity. Results 
are cell viability normalized to control siRNA-transfected samples and are 
shown as means and s.e.m. for n = 3. Black bars, no paclitaxel; white bars, 
10 nM paclitaxel. b, Proteasome. Red shading indicates satisfaction of 5% 
FDR, pink shading indicates satisfaction of 10% FDR. ¢, y-TuRC and related 
components of the mitotic spindle apparatus. Shading is as in b. d, Ligand— 
receptor pairs. Shading is as in b. e, CT antigens. Results are viability 
normalized as a percentage of control siRNA transfected samples (DLNB14) 
and are shown as means and s.e.m. Black bars, 0 nM paclitaxel; white bars, 
10 nM paclitaxel. siRNA gene shading is as in b. Values are representative of 
a minimum of three independent experiments. 
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consequence on the maximally effective concentration of gemcita- 
bine in H1155 cells, although the non-responding cell population 
was decreased or eliminated in all cases (Fig. 2c). 

The apparent synergy that we observed between target depletion 
and paclitaxel, in comparison with other chemotherapeutic agents, 
suggests that genome-wide chemosensitizer screens return molecular 
components closely related to the mode of action ofa particular drug. 
To test this directly, we examined the consequence of target depletion 
on the morphology of the mitotic spindle'*. Depletion of FGD4 
resulted in a significant accumulation of otherwise normal-appear- 
ing mitotic figures in the absence of paclitaxel, indicating that this 
protein may be required for support of mitotic progression 
(Supplementary Fig. 4). Depletion of ACRBP and TUBGCP2, 
although not detectably affecting mitosis in the absence of drug, 
resulted in a marked accumulation of multipolar spindles in the 
presence of 10nM paclitaxel (Fig. 3a, and Supplementary Fig. 5b). 
Multipolar spindle accumulation is typical after exposure to higher 
doses of paclitaxel in H1155 cells as well as in other cancer cell 
types”! (data not shown). Simultaneous depletion of MAD2, an 
obligate component of the spindle assembly checkpoint", reversed 
the accumulation of mitotic figures with the concomitant appearance 
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Figure 2 | Drug sensitivity profiles. a—c, H1155 transfected with siRNAs 
targeting the indicated genes (DLNBI and OR1A2 are control siRNAs) were 
exposed to paclitaxel (a), vinorelbine (b) or gemcitabine (c) 48 h after 
transfection at the indicated doses for 48 h. Results are viability normalized 
to siRNA-transfected samples in the absence of drug and are shown as means 
and s.e.m. Values are representative of three independent experiments. 

d, H1155 transfected with siRNAs targeting the indicated genes were treated 
with paclitaxel 48 h after transfection for the indicated times. Bars are cell 
viability obtained with Cell Titer Glo and are shown as means and s.e.m. 


817 


©2007 Nature Publishing Group 


LETTERS 


of numerous micronucleated cells, indicating mitotic slippage 
through a defective spindle assembly checkpoint (Fig. 3a). Deple- 
tion of PSMA6, HS6ST2 and ATP6VOD2 did not affect mitotic 
spindle assembly (data not shown). 

Given the significant genetic heterogeneity between cancer cell 
lines we next examined the effect of target depletion on a panel of 
lung lines, with diverse paclitaxel IC;, values, that included the 
NSCLC line HCC4017 and normal, non-malignant bronchial epithe- 
lial line HBEC30 (ref. 15), isolated from the same individual. Out of 
12 targets tested with the patient-matched tumour and normal lines, 
the depletion of 4 targets selectively sensitized the tumour-derived 
line to low-dose paclitaxel (Supplementary Fig. 5a). Two of the four 
sensitizers were in the CT-antigen family. Three out of four CT 
antigens tested also sensitized at least one additional NSCLC line to 
low-dose paclitaxel with no measurable consequences on the viability 
of HBEC30 cells. Not surprisingly, proteasome subunit depletion was 
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Figure 3 | Convergence of paclitaxel and sensitizer gene function on 
mitotic spindle integrity. a, At 48h after transfection with the indicated 
siRNAs, H1155 cells were exposed to the indicated paclitaxel concentrations 
for 24h. Microtubules, genomic DNA and centrosomes were revealed by 
immunostaining with B-tubulin, 4,6-diamidino-2-phenylindole (DAPI) and 
o.-pericentrin, respectively. Arrowheads indicate the formation of 
micronuclei as a consequence of bypass of MAD2-dependent mitotic spindle 
checkpoint arrest. Pictures are representative of a minimum of five 
independent experiments. Pac., paclitaxel. b, siRNA-dependent depletion of 
ACRBP and MAD? was verified by immunoblots of whole-cell lysates from 
a. c, The interphase nuclear morphology of HCC366 cells transfected with 
the indicated siRNAs was examined with DAPI. Arrowheads indicate cells 
containing multiple micronuclei. Pictures are representative of a minimum 
of three independent experiments. d, Collaborative impact of paclitaxel and 
RTA-203 on H1155 cell viability. Results are viability normalized to 
untreated control samples (black bar) and are shown as means and s.e.m. 
Yellow bars, RTA-203 alone; blue bars, paclitaxel alone; green bars, RTA-203 
plus paclitaxel at the indicated doses. Values are representative of three 
independent experiments. e, Percentage apoptosis as indicated by cleaved 
caspase-3 immunostaining of H1155 cells after a 24-h exposure to 10nM 
paclitaxel or 200 nM RTA-203, or a combination of both. Error bars show 
s.e.m. for four independent experiments. 
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broadly effective in tumour cells in comparison with normal cells 
(Supplementary Fig. 5a). 

We also examined the effect of ACRBP or TubGCP2 depletion on 
mitotic progression in these lines. Although neither ACRBP nor 
TUBGCP2 depletion affected cell viability as assessed by ATP con- 
centration in H1299 and H2126 NSCLC cells, depletion of these 
targets did enhance paclitaxel-induced mitotic arrest (Supplemen- 
tary Fig. 5b). The lack of change in viability may reflect differences in 
the coupling of spindle assembly checkpoint machinery to apoptosis 
in different cancer cell lines'®. Consistent with this was our obser- 
vation that depleting ACRBP or TUBGCP2 sensitized H1155 cells 
to paclitaxel-induced caspase activation (Supplementary Fig. 5d), 
whereas in H2126 cells, depletion of ACRBP collaborated with pacli- 
taxel to inhibit proliferation (Supplementary Fig. 6a). In addition, 
the depletion of either ACRBP or TUBGCP2 in lung-tumour-derived 
cell lines lacking a robust spindle assembly checkpoint (HCC366, 
HCC15 or HCC4017) was sufficient to induce the accumulation of 
non-proliferating micronucleated cells, which are normally observed 
after exposure to paclitaxel (Fig. 3c, and Supplementary Fig. 6b, c). 
These observations highlight the emerging concept that products of 
anomalous gene-expression programmes can become engaged to 
buttress the fundamental biological systems required for the prolif- 
erative fitness of cancer cells. In a specific sense, aberrant expression 
of proteins such as ACRBP may contribute to mitotic progression in 
cancer cells by enhancing the robustness of an otherwise weakened 
mitotic spindle apparatus. 

An expected outcome of genomic chemosensitizer screens is the 
identification of gene products that are targets of currently available 
compounds, indicating novel combinatorial therapeutic regimens. 
Our isolation of the proteasome exemplifies this relationship because 
collaboration between bortezomib, a proteasome inhibitor, and pacli- 
taxel has been demonstrated clinically’. Isolation of ATP6VOD2, a 
subunit of the vacuolar ATPase (V-ATPase)'® (Table 1 and Fig. 1a), 
predicts that lysosomal ATPase-inhibitors may be effective cytocidal 
agents in combination with paclitaxel. Salicylihalamide A was origin- 
ally identified as an anti-tumour agent and was subsequently found to 
target V-ATPase activity directly'’®?°. Exposure of H1155 cells to 
increasing doses of a synthetic salicylihalamide derivative”, RTA 203, 
together with low-dose paclitaxel revealed a significant collaborative 
impact on viability at doses well below that required for the activity 
of a single agent (Fig. 3d, e). This observation highlights the strong 
predictive power of genome-wide synthetic-lethal screens for identi- 
fication of productive drug—drug interactions. We have used a high- 
throughput functional-genomics screening platform, together with an 
objective ‘hit’ selection criterion derived from probabilistic judg- 
ments of error rates, to produce an unbiased and high-confidence 
collection of the molecular components modulating chemosensitivity 
in lung cancer cells. The results reveal major fulcrums of the autonom- 
ous response of cancer cells to abrogation of microtubule dynamics; the 
results also identify therapeutic targets for combinatorial chemotherapy 
and highlight a major contribution of cancer-associated anomalous 
gene expression patterns for support of mitotic progression in cancer 
cells. 


METHODS 


All cells were reverse-transfected with siRNA pools complexed with 
DharmaFECT reagent (optimized for each cell type). Cells were treated 48h 
after transfection and viability was assessed after an additional 48 h. For screen- 
ing data analysis, each siRNA pool was assigned a viability ratio. Viability 
ratios were ranked by reproducibility between three replicates for each con- 
dition, using a two-sample t-test followed by a Benjamini—Hochberg correction. 
Immunofluorescence was performed with the use of standard fixation and per- 
meabilization protocols. Cells were stained with monoclonal B-tubulin antibod- 
ies, polyclonal pericentrin antibodies, bromodeoxyuridine or antibodies against 
cleaved caspase-3 followed by secondary labelling with secondary fluorescein 
isothiocyanate-conjugated anti-mouse antibodies or tetramethylrhodamine 
B-isothiocyanate-conjugated anti-rabbit antibodies. Cells were observed under 
a Zeiss Axioplan 2E microscope equipped with a Hamamatsu monochrome 
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digital black-and-white camera and Open Lab Software. Quantitative polymer- 
ase chain reaction was performed on RNA extracted from all cells with the Roche 
LightCycler System or the 7900HT Fast Real-Time PCR System with primers 
flanking at least two siRNA target sequences and lying on separate exons. Growth 
inhibition assays were performed with a Sulphorhodamine B protocol on cells 
treated for 48 hours with the indicated drugs”. For colony formation assays, 
transfected and treated cells were replated and stained with Geimsa 5 days later. 
Immunoblots were performed on whole-cell lysates from H1155 cells with the 
use of standard protocols. 

A detailed description of the screening strategy and statistical analysis is given 
in Supplementary Fig. 1 and Supplementary Methods. Optimized transfection 
protocols and growth conditions for the multiple cell lines used in this study are 
described in Supplementary Table 6. siRNA sequences and reverse transcriptase- 
mediated polymerase chain reaction primers are described in Supplementary 
Tables 5 and 7. Methods for standard viability assays and quantification of 
mitotic progression are also included in Supplementary Methods. 
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Backtracking determines the force sensitivity of 
RNAP II in a factor-dependent manner 


Eric A. Galburt’*+, Stephan W. Grill'*+, Anna Wiedmann’, Lucyna Lubkowska’, Jason Choyt, Eva Nogales’, 


Mikhail Kashlev? & Carlos Bustamante’”?* 


RNA polymerase II (RNAP II) is responsible for transcribing all 
messenger RNAs in eukaryotic cells during a highly regulated pro- 
cess that is conserved from yeast to human’, and that serves as a 
central control point for cellular function. Here we investigate the 
transcription dynamics of single RNAP II molecules from Sacchar- 
omyces cerevisiae against force and in the presence and absence of 
TFIIS, a transcription elongation factor known to increase tran- 
scription through nucleosomal barriers”. Using a single-molecule 
dual-trap optical-tweezers assay combined with a novel method 
to enrich for active complexes, we found that the response of 
RNAPII to a hindering force is entirely determined by enzyme 
backtracking**. Surprisingly, RNAPII molecules ceased to tran- 
scribe and were unable to recover from backtracks at a force of 
7.5 + 2 pN, only one-third of the force determined for Escherichia 
coli RNAP”*. We show that backtrack pause durations follow a tf *” 
power law, implying that during backtracking RNAP II diffuses in 
discrete base-pair steps, and indicating that backtracks may account 
for most of RNAP II pauses. Significantly, addition of TFIIS rescued 
backtracked enzymes and allowed transcription to proceed up to a 
force of 16.9 + 3.4 pN. Taken together, these results describe a reg- 
ulatory mechanism of transcription elongation in eukaryotes by 
which transcription factors modify the mechanical performance 
of RNAP II, allowing it to operate against higher loads. 

Promoter-based initiation of the 12-subunit RNAP II requires the 
complex assembly of a host of multi-component general transcrip- 
tion factors’” and has therefore eluded researchers attempting to 
follow eukaryotic transcription at the single-molecule level. To over- 
come this difficulty, we adapted a previously described method that 
bypasses promoter-based initiation and assembles elongation com- 
plexes piecewise in the absence of factors'® (Supplementary Infor- 
mation). Sporadic single-molecule activity was observed in this way 
(data not shown). To establish a robust assay, we increased the pro- 
portion of active elongation complexes by selecting for enzymes that 
responded to an initial nucleotide triphosphate (NTP) pulse (Fig. 1a, 
and Supplementary Information). Complexes that transcribed to a 
nucleotide starvation stall site protected an overlapping restriction 
site from digestion by the corresponding endonuclease. Inactive 
complexes failed to protect the restriction site and were digested away 
(Fig. la, and Supplementary Information). This pulse—digest method 
increased the yield of active elongation complexes approximately 
fivefold (data not shown). 

After pulse—digest, a single ternary complex with 9.8 kb of template 
DNA was tethered between two polystyrene beads held in place by 
two single-beam optical traps®’?'* (Supplementary Information). 
On addition of 1mM NTPs, RNAPII began to translocate along 
the DNA, shortening the tether between the two beads (Fig. 1b, 


and Supplementary Fig. 1). Force was monitored in both traps using 
laser beam deflections and the average value was converted to enzyme 
position along the template with the worm-like-chain model for 
DNA elasticity’® (Supplementary Information). We observed con- 
tinuous runs of transcription interrupted by pauses (Fig. 1c), which 
were scored and removed with a velocity-threshold algorithm to 
obtain a pause-free elongation velocity'*. The average pause-free 
velocity was 12.2 + 4.5 nucleotides per second (N= 33, mean = s.d. 
unless otherwise noted; Fig. 2b, Supplementary Fig. 7 and Supplem- 
entary Table 1), which is comparable to bulk data from RNAP II’? 
and to single-molecule data from the bacterial enzyme”'”'®. An 
experiment ended when, having ceased to transcribe, no resumption 
of activity was observed for 10 min. These experiments revealed that 
RNAP II was able to transcribe up to forces of 7.5 + 2.0 pN (Fig. 2a, 
and Supplementary Table 1). Interestingly, although the eukaryotic 
enzyme translocates at rates comparable to those of its prokaryotic 
counterpart, it can only transcribe against a force about one-third 
that of the bacterial enzyme*'®’’. 

Next, we looked at the relationship between pause-free velocity and 
force*'®. Because velocity differed significantly between enzymes*'*"” 
(Fig. 2b), we preserved the force—velocity (F-V) relationship of indi- 
vidual enzymes by normalizing both variables*. Pause-free velocity 
shows no force dependence up to the average force of 7.5 pN (Fig. 2c), 
indicating that under physiological and saturating NTP concentra- 
tions, translocation is not rate limiting at these forces (also true at 
120 uM NTP, data not shown). At 7.5 pN, transcription rates drop 
sharply to zero in contrast to the gradual decrease observed for the 
bacterial enzyme*"’. We then asked whether this sharp decrease is due 
to enzyme translocation becoming rate limiting at 7.5pN or if it 
reflects the force sensitivity of another process. A single-parameter 
fit of the F-V relationship to a generalized Boltzmann scheme® 
yielded an unphysical distance to the translocation transition state 
of 152 + 8 nucleotides. This suggests that the force dependence of a 
process other than NTP-dependent forward translocation determines 
the behaviour of the eukaryotic enzyme in this force regime. Thus, 
7.5 pN is not the maximum force that RNAP II can generate (that is, its 
thermodynamic stall force), but instead represents an ‘operational 
force limit’. 

What is the physical origin of the strong force sensitivity observed 
around 7.5pN? Data obtained at the maximum spatial resolution 
allowed by our experiments (~3 nucleotides) revealed that arrest 
strongly correlates with a lengthening of the tether, an observation 
consistent with backtracking (Fig. lc, inset). Backtracking is inde- 
pendent of NTP hydrolysis and involves a process wherein the 
enzyme moves upstream on the DNA template while the RNA- 
DNA register is maintained. This process results in an inactive state 
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because the 3’-end of the transcript is no longer at the active site**"* 


(Supplementary Fig. 2). Fifty per cent of all the experiments ended 
with a terminal backtrack, with an average length of 7.2 + 3.0 nucleo- 
tides. We note that the real average terminal backtrack distance must 
be considerably smaller (we estimate ~3 nucleotides) because we 
expect to miss a significant fraction of backtrack events less than 
3 nucleotides in size (Supplementary Fig. 3). These observations 
strongly implicate backtracking as the origin of the force sensitivity 
of the enzyme at 7.5 pN. 

Because the backtracked state is physically displaced along the 
template, an applied force should affect either the rate of entry to 
or the rate of exit from this backtracked state, or both. Thus, we 
sought to characterize the force dependence of these rates. By looking 
at the effects of assisting force on arrest, studies on the bacterial 
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Figure 1| Single-molecule transcription. a, Elongation complexes are 
formed as previously described’? (Supplementary Methods; biotinylated 
RNAPII, blue with green star; digoxigenin, yellow star) and ligated to the 
transcription template. After pulse—digest, inactive complexes (yellow 
shading) are digested away and only active complexes (green shading) can 
form tethers. b, Passive mode dual-trap optical tweezer. After adding NTPs, 
transcription begins, the tether shortens and the load increases 
(Supplementary Fig. 1). ¢, Template position and force versus time (100 Hz 
bandwith, 3rd order Savitzky—Golay filter with time constant of 2.5 s). 
Enzymes exhibit elongation (black), pausing (red), backtracking (blue 
arrows and inset) and arrest. Nucleotides, nt. 
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polymerase have inferred that force primarily affects the ability of 
the enzyme to recover from backtracks'®. To determine the force 
dependence of backtrack return for the eukaryotic enzyme, we mea- 
sured the fraction of observed backtracks that did not recover within 
10 min in different force ranges (Fig. 3a, filled red circles). The return 
probability is highly sensitive to force: above 8 pN, less than 50% of 
the enzymes are able to recover from the backtracked state. To deter- 
mine the force dependence of backtrack entry, we measured the 
probability of observing a backtrack event within one second of active 
transcription. Below the operational force limit of the enzyme, this 
probability is 0.02 + 0.012 and exhibits no force dependence (Fig. 3a, 
filled blue circles). To conclude, force does not significantly modulate 
the probability of entering a backtracked state in the operational 
force range of the enzyme. The probability of returning from the 
backtracked state is, however, highly force sensitive and the response 
of RNAP II to force in the absence of factors is entirely dominated by 
this effect. 

We have shown that RNAPII can only transcribe against a force 
about one-third that of its bacterial counterpart as it can no longer 
return from the backtracked state. The maximum force that RNAP II 
can generate during translocation, however, should be higher than 
this operational force limit. To measure this thermodynamic stall 
force, we devised an experiment that would allow us to observe 
transcription at forces beyond the operational force limit of 
RNAPIL To this end, we performed ‘force jump’ experiments during 
active enzyme translocation”. In these experiments, the force on the 
enzyme was rapidly increased by suddenly displacing one of the two 
traps (Supplementary Fig. 4). After one second, the original position 
of the trap was restored, and the velocity of the enzyme during the 
jump was measured. In these experiments, enzymes were seen to 
transcribe beyond the operational force limit determined above. 
Transcription was observed for 50% (6/12) of jumps between 14 to 
20 pN, for 17% (1/6) of jumps between 20 to 25 pN, and 0% (0/12) of 
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Figure 2 | Force-velocity analysis. a, A gaussian fit of the histogram of 
forces reached shows that RNAP II ceases transcription at a force of 

7.5 + 2.0 pN (mean = s.d., R? = 0.82, N= 33).b,A gaussian fit of the pause- 
free transcription velocity histogram yields an average of 12.2+4.5nts ' 
(mean = s.d., R* =0.85, N= 33). ¢, Normalized force—velocity curve 
(Supplementary Information). Velocity is uncorrelated with force (error 
bars, s.e.m.) for normalized forces smaller than 1 (1° = 7 X 10°). The solid 
line represents a fit to a generalized Boltzmann scheme® (single parameter 
fit, R’ = 0.97). 
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jumps over 25pN. Enzymes that continued to transcribe in these 
experiments displayed pause-free velocities not significantly different 
from velocities measured at lower forces (data not shown), indicating 
that translocation is still not rate limiting at these increased forces. 
These results indicate that the thermodynamic stall force of RNAP II 
is higher than 20 pN at physiological NTP concentrations. Signifi- 
cantly, measurements of transcriptional velocity beyond ~25 pN 
were foiled because the probability of backtracking within one 
second increased dramatically (Fig. 3a, filled blue squares): 17/21 
enzymes backtracked during the jump at jump forces beyond 
20pN, and 100% (7/7) of enzymes backtracked above 30 pN. In 
conclusion, both backtrack entry and exits are sensitive to force, 
however, the former only at very high forces, whereas the latter 
determines the operational force limit of the enzyme. 

We have shown that the main response of RNAPII to force is 
backtracking, which causes the enzyme to pause. Next we ask if it 
is possible that all transcriptional pauses in RNAP II are due to back- 
tracking. However, with a resolution of 3 to 4 nucleotides at physio- 
logical NTP concentrations”, it is not possible to determine whether 
or not brief pauses are associated with backtracking events. Speci- 
fically, backtrack displacements of a couple of nucleotides will not be 
recognized (Supplementary Fig. 3 and Supplementary Information). 
Because it is easier to determine the duration of a pause than its 
backtracking distance, we identified enzyme pauses with a computer 
algorithm and analysed the distribution of pause lifetimes'*. Analysis 
of the pause time durations (tf) revealed that the distribution of pause 
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Figure 3 | Backtrack entry and exit. a, The probability of entering a 
backtrack within one second of transcription (blue markers) and the 
probability of returning from a backtrack within 10 min (red markers) 
versus force. Data are shown in the absence (filled markers) and presence 
(open markers) of TFIIS, and arrows indicate the respective forces reached. 
Square markers represent data from force jump experiments. Error bars 
represent s.e.m. and solid lines indicate trends. b, Illustrated kinetic schemes 
for three regions of force where return to elongation (E) from a backtrack (B) 
is likely (green), unlikely (white and yellow) and where backtrack entry is 
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lifetimes follows a t *”” power law (Fig. 3c, and Supplementary 


Information). This observation implies a mechanism in which, dur- 
ing a pause, a polymerase diffuses among many intermediate states 
and ends the pause when it diffusively realigns the dislocated 3’-end 
of the transcript with the active site to resume elongation. 
Significantly, all pause durations, short and long, follow this power 
law distribution, implying that the molecular mechanism underlying 
most transcriptional pauses in RNAP I is the same, that is, diffusive 
backtracking. Note that the distribution deviates from the f *” 
power law only for pauses longer than 10s, as is to be expected from 
the effect of the opposing force on the polymerase (manuscript in 
preparation). 

Because the operational force limit of the enzyme is determined by 
the force dependence of exit from backtracked states, it follows that 
the enzyme should be able to transcribe to higher forces in conditions 
that increase its probability to return from these states. Specifically, 
the polymerase would be expected to transcribe up to forces in the 
20 pN range, where the probability of backtracking would limit tran- 
scriptional progress (Fig. 3a). To test this prediction, we performed 
experiments in the presence of the transcription factor TFIIS. This 
factor is involved in both the initiation and elongation of RNAP II’, 
is functionally homologous to the Gre factors in bacteria”, and may 
have an important role in RNA proofreading”. TFIIS binds RNAP II, 
catalyses the enzyme’s intrinsic RNA cleavage activity, and rescues 
backtracked states by producing a new 3’-end that is aligned with the 
enzyme’s active site**** (Supplementary Fig. 2). 
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likely (yellow). ¢, Distribution of measured pause durations with a single- 
parameter fit of at *” power-law (R’ = 0.84). d, Template position and 
force versus time in the presence and absence of TFIIS (Supplementary Fig. 
5). e, Illustrated scheme in the presence of TFIIS. f, An example of cycles of 
backtracking and TFIIS rescue at 18 pN. g, Histogram of forces reached in 
the presence of TFIIS. Instances of cycling between backtracking and rescue 
are indicated in dark grey. Solid lines indicate a double gaussian fit with 
means of 8.5 + 2.0 and 16.5 + 3.5 pN (mean + s.d., R? = 0.96, N = 32). 
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TFIIS was expressed and purified as described” and introduced at a 
saturating concentration (600 nM), concomitant with NTPs. Seventy 
five per cent of the runs obtained in the presence of TFIIS (24/32) 
were not significantly different from runs obtained in the absence of 
TFUS (Fig. 3g, and Supplementary Information). However, 25% of 
the transcription runs (8/32) exhibited a dramatic change in beha- 
viour (Fig. 3d): instead of arresting after a terminal backtrack, these 
enzymes never ceased to transcribe but repeatedly switched between 
backtracking and active transcription (Fig. 3d, f, and Supplementary 
Fig. 5) and translocated to significantly higher forces (16.9 + 3.4 pN, 
Fig. 3d, g). This behaviour was never observed in the absence of TFIIS 
(0/33). At this new operational force limit, the average distance back- 
tracked before rescue equals the average distance transcribed before 
entering a backtracked state (Fig. 3d, f, g). Again, pause-free velocity 
was unchanged even at the increased opposing forces accessible in 
the presence of TFIIS (Supplementary Fig. 6). To conclude, TFIIS 
increases the operational force limit of RNAP II more than twofold 
by accelerating backtrack exit and allowing the polymerase to pro- 
ceed to forces where the rate of backtrack entry is significantly in- 
creased (Fig. 3a). These results rationalize observations that TFIIS 
promotes transcription through transcriptional blocks such as the lac 
operon repressor~ and the nucleosome in vitro’. Additionally, they 
predict that bacterial enzymes might transcribe to higher forces in 
GreB’s presence. 

The low intrinsic operational force limit of RNAP II, coupled with 
the dramatic effect of TFS, indicates the possibility of transcrip- 
tional regulation through a TFIIS-dependent switch of the poly- 
merase’s operational force limit. Although it does not seem that 
TFS levels are regulated directly in yeast (C. M. Kane, personal 
communication), the ability of TFIIS to bind the polymerase is regu- 
lated by additional factors in multi-cellular eukaryotes”®. The results 
described here set the stage for the investigation of eukaryotic tran- 
scription elongation through nucleosomal arrays in the presence and 
absence of transcription elongation factors, using single-molecule 
manipulation methods. 


METHODS 


A detailed description of materials and methods is given in Supplementary 
Information. 

Transcription initiation. Elongation complexes were formed through the 
ordered addition of a 54 nucleotide template DNA, 9 nucleotide RNA primer, 
biotinylated RNAP II, and complementary 50 nucleotide non-template DNA 
strand’*’’, Elongation complexes were then ligated to a 9.8 kilobase double- 
stranded DNA template with a downstream digoxigenin label. Oligonucleo- 
tide sequences and other details are provided in Supplementary Information. 
Optical trapping. The optical trap used for these experiments is based on a setup 
previously described**. To reduce drift, the dual-beam, single-trap setup was 
converted to a single-beam, dual-trap machine by slightly overfilling each objec- 
tive. The experimental setup is described in more detail in the Supplementary 
Information. 

Backtrack detection. Backtracks were detected by looking at the first 4s of a 
pause and asking whether the enzyme moved backwards by more than 3 nucleo- 
tides. These strict limits ensured that backtrack signals were not generated by 
noise. 
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It has been drawn to our attention that in this Letter some of the lanes 
in Figures 2a, 2c, 4a and Supplementary Fig. S1 were inadvertently 
missing. A description of how the figures were made is provided in 
Supplementary Information to this Corrigendum, together with the 
corrected figure panels. Our results and conclusions are unaffected by 
these oversights. 


Supplementary Information is linked to the online version of the Corrigendum at 
www.nature.com/nature. 
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The Protein Data Bank ID at the RCSB is 20Q1 for the ZAP70 
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naturejobs 


t may sound odd, but a recent Nature initiative reminds me of the film Field 

of Dreams, starring Kevin Costner. The film features a recurring phrase — “If 
you build it, he will come” — which is whispered to Costner’s character by a 
disembodied voice. The voice exhorts Costner to carve out a baseball diamond 


on his farm’s profitable cornfield. The results are not altogether predictable. Yes, 
deprived of a lucrative crop, his farm slides towards bankruptcy, but the makeshift 
baseball pitch also plays host to the ghosts of disgraced baseball players. Most 
importantly for Costner’s character, the pitch also allows him to make peace with 
his deceased father. And, even more remarkably, the real-life diamond has since 


become a tourist attraction. 


The film's famous phrase is now commonplace in the popular media, reworked as 
“If we build it, they will come” — and in that spirit we have seen some unexpected 


events at Nature's Network website. When we launched it last June, we were not 
sure who would join in or what they would say. The website was set up as a social 
networking site to connect like-minded people through forums, message boards 
and blogs. We hoped that scientists would meet up in this virtual world to discuss 
their research and build new collaborations. Today the site seems to have evolved 
into a forum for young scientists to discuss their career aspirations and obstacles. 
British postdocs, researchers at the Marie Curie Research Institute in Oxted, UK, 
and young scientists in the Boston area have all established a presence. And many 
postdocs and graduate students are adding blogs or linking out to existing ones. 
With the launch of the London network last month, and other international nodes 


to follow, we expect such activity to grow. This growth shows that young scientists 
are hungry for career information and are willing to share what they know. We 
welcome such activity, even though we don’t know which direction the content 
will take. If you haven't visited yet, please check out this growing network at 
http://network.nature.com and feel free to join in the discussions or start your 
own, and blog away. We built it, and we're pleased you're coming. 

Paul Smaglik, Naturejobs editor 
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Genes versus 
cancer 


Just a decade has changed cancer 
research beyond recognition, but 
adaptable skills and teamwork lead to 
exciting possibilities. Ricki Lewis looks 
at the new face of cancer genetics. 


ntil very recently, cancer care followed a 

one-size-fits-all approach. Diagnosis and 

treatment were based on the affected body 

part or, for the better-studied cancers, on 
affected cell type. Then subtyping became popular — 
identifying hormone-receptor targets on tumour cells. 
Breast cancer, for example, was treated with a drug that 
blocks oestrogen receptors. Subsequent approaches 
focused on mutations in specific oncogenes and 
tumour-suppressor genes. This led to improved 
diagnoses and the development of spectacularly 
successful drugs such as Gleevec (for a form of 
leukaemia) and Herceptin (for a form of breast cancer). 

Today, cancer genetics has mushroomed, as have 

related research opportunities. Two recent closer looks 
at mutations in common cancers, one froma group at 
Johns Hopkins University in Baltimore and another 
from the Sanger Institute in Hinxton, UK, found 
hundreds of implicated genes, some known but many 
novel. The magnitude of several translational research 
efforts indicates a bright future for this area of cancer 
research. A consortium called TRANSBIG, for 
example, intends to evaluate genetic signatures in 
cancer and has 40 partners in 21 countries. In the 
United States, the National Human Genome Research 
Institute and National Cancer Institute have invested 
$100 million to set up a three-year pilot programme at 
a dozen research centres to build a Cancer Genome 
Atlas of mutations. The institutes plan to expand to 60 
centres by 2012. 


Subtle shifts 

Cancers are also increasingly being described in a 
different way — by subtle shifts in the expression of 
key genes. By quantifying messenger RNA 
transcription in cancer cells, researchers can chronicle 
changing gene expression and better detect, track and 
treat cancers with unprecedented specificity. 

“Individualized medicine is here today. It is going to 
bea hugely important field, with a great impact both on 
research and cancer care,’ says Steve Shak, co-founder 
and chief medical officer of Genomic Health in 
Redwood City, California. The company’s Oncotype 
DX breast-cancer assay translates the expression of 21 
genes in tumour samples into an estimate of the risk 
of recurrence and probability of benefit from certain 
chemotherapy treatments. 

Dimitri Semarov, tumour-genomics group leader at 
Abbott, in Abbott Park, Illinois, suggests that it’s no 
longer a matter of studying individual oncogenes or 
tumour suppressors. “The biggest shift in cancer 
research is the adoption of the genome-wide view, he 
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says. Researchers now have a more complete picture 

of the cancer genome, and they need more complex 
statistics to handle gigabytes of data. They are also 
attempting to identify other factors that affect outcome 
and responses, namely new biomarkers. 

Analysing gene-expression profiles in cancer requires 
skills in genomics and statistics — which usually means 
researchers working in teams. Genes of interest must be 
identified; their expression levels visualized, compared 
and measured with DNA microarray experiments; and 
then the data analysed and validated. 

Development of the Oncotype DX test illustrates the 
research trajectory, and the diverse researcher skills for 
developing a test that can match patients to treatments. 
The first step is to identify a need. For breast cancer, 
this was apparent. “Chemotherapy is recommended 
for all, but that was because we didn’t know in whom 
the cancer would recur, and who would benefit from 
chemo,’ says Shak. So the team consulted published 
studies, and identified 250 genes that are transcribed 
significantly more or less in cancer cells. Molecular 
biologists zeroed in on the most informative 21 genes, 
and then bioinformaticians developed an algorithm to 
quantify recurrence risk based on expression patterns. 
Next came validation studies. What really sped up the 
development was testing the gene-expression panel 
in tumour tissue stored in paraffin. “Instead ofa 
prospective trial that would have taken 10 to 15 years, 
we could work with studies done in the past with 
relevance to practice today,’ says Shak. 

Genetic profiling in cancer, of mutations as well as 
expression patterns, is done in academic laboratories as 
well as at pharmaceutical, biotech and genetic testing 
companies. Traditional training in cancer biology using 
any model system is good preparation, and researchers 
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can make the transition into working with human 
tissues or people. Complementary expertise, such as 
clinical-trial design, can be acquired in postdoctoral 
research positions or on the job. 


Dual satisfaction 

Zhenghe John Wang, a geneticist at the Case 
Comprehensive Cancer Center in Cleveland, Ohio, 
stayed in the academic arena. He did his graduate work 
using yeast, a classic system for studying cell-cycle 
genes. He then did a postdoc with colon-cancer guru 
Bert Vogelstein at Johns Hopkins University, and 
Wang’s group at Case has recently identified a new 
pathway in that cancer. Wang says he has the dual 
satisfaction of conducting exciting research and 
helping patients. “Academic cancer research is more 
hypothesis-driven, but the differences between 
pharmaceutical and academic research are not as great 
as they once were,’ he says. 

At Genomic Health, the focus is on development 
more than discovery. Graduates in biochemistry, 
chemistry, molecular biology or pharmacology who 
welcome the challenge of developing precise assays are 
in great demand, says Shak. Many researchers come 
from the pharmaceutical and biotech industries, with a 
background in drug development or developing assays. 

An alternative to on-the-job training in drug 
development or clinical-trial design is a specialized 
postdoc straddling academia and business. This was 
the path of Huijun Ring, director of pharmacogenetics 
at DNAdirect in San Francisco. DNAdirect offers 
genetic tests for breast, ovarian and colon cancers. 

A test for breast cancer detects a single gene variant 
that predicts response to the drug tamoxifen; a test for 
colon cancer looks for 23 mutations. 


Cancer combatants: Huijun 
Ring (top); reviewing a test 
slide (bottom); and kidney 
cancer cells (left). 


Ari Melnick (top) and 
Zhenghe John Wang. 
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Ring earned a PhD in molecular biology and genetics 
at Cornell University working with fruitflies. “As a 
postdoc I wanted to work more closely with a project 
impacting human health,” she says. After studying 
clinical molecular genetics at Stanford University, Ring 
put that expertise to use at InCyte, in Wilmington, 
Delaware. As head of pharmacogenomics, she helped 
drug companies develop products and services 
including clinical-trial design. At DNAdirect she works 
with patients and doctors to use clinical tests. Skills 
include communication, project management and 
understanding how science can help people, she adds. 

Perhaps more than any other biomedical field, the 
new, more complex view of cancer requires savvy with 
statistics. Biomedical scientists hoping to use genomic 
technology in predictive medicine need training in 
biostatistics, says Richard Simon, chief of the biometric 
research branch at the US National Cancer Institute. 
“Computational training is also useful, but less essential,” 
he says. Errors in data analysis are so common, notes 
Simon, that he urges young scientists to go beyond the 
one required statistics course in their training. 

Software Simon developed to analyse gene-expression 
data was used in the development of MammaPrint, 

a newly approved 70-gene signature for breast cancer 
that was developed at the Netherlands Cancer Institute 
in Amsterdam and its offshoot Agendia, and has been 
validated in two multinational studies. An opening at 
Agendia for a bioinformatician illustrates the value of 
technical and computational skills: it calls for a PhD or 
a master’s with two years of experience that includes 
using microarrays to analyse tumour samples and work 
with “complex clinical and molecular databases”. 

But Ari Melnick, assistant professor of 
developmental biology and molecular biology and 
medicine at the Albert Einstein College of Medicine 
of Yeshiva University in New York City, points out 
that it is simply impossible for any one person to have 
expertise in the various areas required to take gene- 
expression profiles from discovery to the clinic. “This 
research involves an interface among computational 
biologists, molecular biologists and biostatisticians,” he 
says. His team developed a 485-gene-expression test 
that predicts response to a particular drug candidate in 
patients with B-cell lymphoma. 


Going translational 
Because genetic analysis in cancer lies at the crossroads 
of translational (‘bench to bedside’) research, scientist-— 
physician teams are critical. In the haematology lab at 
Brigham and Women’s Hospital, Boston, there are as 
many PhDs as MDs. Postdoc Stefan Frohling, an MD, 
calls this ideal. Physicians, he says, know the clinical 
challenges and often have access to collections of well- 
annotated tumour samples. PhDs know the biology and 
have the experimental skills to study the functional 
implications of molecular genetic abnormalities. 
Developing genetic tests is much more specific than 
it was a decade ago, but the work blurs boundaries of 
expertise. “It is exciting to watch people integrate,” says 
Rick Lesniewski, director of oncology research at Abbott. 
“A geneticist might talk to a crystallographer, who talks 
to a medicinal chemist, who talks to a pharmacologist. 
Seeing how disciplines come together to generate 


progress in the evolution ofa drug is amazing.” a 
Ricki Lewis is a freelance science writer in 
Schenectady, New York. 
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Stephen Cohen, director, Temasek Life Sciences 
Laboratory, Singapore 


1996-present: Coordinator, 
developmental-biology 
unit, European Molecular 
Biology Laboratory (EMBL), 
Heidelberg, Germany 
1993-present: Group leader, 
EMBL, Heidelberg, Germany 
1990-93: Assistant 
investigator, Howard 
Hughes Medical Institute, 
Baylor College of Medicine, 
Houston, Texas 


Geneticist Stephen Cohen eagerly anticipates taking 

his experience to yet another continent. Following stints 
in Europe and North America, Cohen will be heading to 
Asia as director of the non-profit Temasek Life Sciences 
Laboratory (TLL). During visits to Singapore, Cohen has 
been impressed with the working style of the city-state’s 
growing science community. “I was very taken with the 
energy, excitement and enthusiasm of science in Asia, 
especially Singapore,” he says. 

Cohen goes to the five-year-old institute after serving 
as coordinator of the developmental-biology unit at 
the European Molecular Biology Laboratory (EMBL) 
in Germany. The Canadian geneticist has long been 
interested in developmental biology and studying how cells 
form patterns to organize an animal body. After earning his 
PhD in biology at Princeton University in New Jersey in 
1983, he worked for three years as a postdoctoral fellow 
at Massachusetts Institute of Technology and the nearby 
Whitehead Institute. After another postdoc stint at the 
Max Planck Institute for Developmental Biology in 
Germany, he became an assistant professor and Howard 
Hughes Medical Institute assistant investigator at Baylor 
College of Medicine, Houston. 

In 1993, Cohen become a group leader of EMBL and in 
1996 the head of the newly formed developmental-biology 
unit. In addition to studying morphogen gradients and 
pattern formation, his team studies micro-RNAs and has 
identified genes that influence the control of metabolism 
and tissue growth. Cohen says he learned a lot from EMBL, 
which requires labs to be small, making frequent 
interdisciplinary interactions critical. “| hope to bring some 
of these approaches to TLL,” he says. He also plans to bring 
his lab members to Singapore to continue his work. 

Cohen will probably be expected to play a different role 
from that of the previous director, William Chia, who 
nurtured the fledgling institute by recruiting a number of 
high-quality scientists (see Nature 427, 660; 2004). Chia 
says he achieved his goal of assembling a multidisciplinary 
group of 25 labs and 210 researchers. These researchers, 
many in their early thirties, appreciate the atmosphere of 
transparency and collaboration, says Chia, as well as the 
energy of the place. 

“TLL is a young, exciting place,” says Cohen. “It will 
be my job to help it reach a high level of international 


recognition as the lab matures.” r 


Ichiko Fuyuno 
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Crossing boundaries 


Throughout my career | have always 
tried to resist the almost irreversible 
process of specialization and 
disciplinary parochialism triggered 
by the expansion of knowledge. A 
fortuitous encounter with a novel sort 
of fellowship has helped me do so. It's 
also helped me reflect on the impact 
that my work could have on society. 
A graduate of University College 
London, | pursued my doctoral studies 
at the European Molecular Biology 
Laboratory (EMBL) in Heidelberg, 
Germany. During those years, 
recognized the need to frame the 
proceedings of science and their 
impact as part of a larger context. 
pursued this aim by becoming a 
member of the EMBL Science and 
Society committee. When | began 
to search for postdoc opportunities, 
looked for a formal way to embrace 
transdisciplinarity and to bridge 
science and society. Unfortunately, 
few funding organizations offered 
opportunities at my career stage. 
Then, in 2003, Swiss entrepreneur 
Branco Weiss set up an innovative 
Society in Science fellowship to 
explore new avenues in the 
relationship between the two. It 
is aimed primarily at life-science 
postdocs seeking to incorporate 
novel social and cultural aspects into 
their work. Starting with a rigorous 


scientific question related to their 
field, fellows are given the intellectual 
freedom to develop a sound 
transdisciplinary research agenda 
incorporating perspectives from areas 
such as the history and philosophy of 
science, sociology, anthropology, 
public health and law. Fellows receive 
support for up to five years and carry 
out projects at one or more 
institutions of their choice. 

With this fellowship, |am now 
conducting research on behavioural 
neuroscience while carrying out 
sociological studies of the impact 
such experimentation has on society, 
with special focus on the growing use 
of psychopharmacological drugs. This 
has helped me be more critical of my 
own work and interact with scholars 
outside my own field. 

Natural scientists often debate 
with social scientists or humanities 
scholars on important societal issues. 
But they rarely have much knowledge 
of each other's jargon and methods. 
This type of postdoctoral research 
offers the opportunity to merge two 
worlds into one unique experience — 
and to widen the prospects for a more 
stimulating career. |] 
Giovanni Frazzetto is a Branco Weiss 
fellow at EMBL in Monterotondo, 
Italy, and at the BIOS Centre of the 
London School of Economics. 
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the first place, you embrace them. 


new coffee haunt. 


before | have to leave. 


Johannesburg, South Africa. 


Missing the mundane 


I'm coming to the conclusion that the real challenge with moving departments 
is not coping with the big changes, but dealing with all the little ones. | had 
expected, and prepared for, the fact that I'd be working for different people ona 
different project. As making those changes is often the reason you're moving in 


It's the minutiae that get to me. It's hard for me to feel at home when | get lost 
every time | venture out onto campus, or when | don't know how the printers 
and photocopiers work. In my first week here | spent the better part of a day 
running around to three different offices (on opposite sides of the campus, 
naturally) trying to get registered. I’d yet to find that one person in the maze of 
bureaucracy who actually knows what's going on. 

It's the same outside work, especially as | have moved to a new country. 

I'm having fun exploring, but most of the beer is cold and fizzy, I've yet to locate 
a reliable source of proper English cheddar, and I'm still auditioning for my 


Knowing all those little things is what makes you feel that you are living in a 
place, rather than just visiting. | just hope that | get time to discover them all 


Chris Rowan is a postdoctoral student in the geology department at the University of 
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The inside track from academia and industry 


Tough sell 


Let's talk money: what you're likely to earn, how to get a pay rise and when to consider other options. 


Martin Lang 


830 


Salaries in the science industry 
have long been a topic of 
discussion. What sort of pay 
should scientists expect at 
various stages of their careers — 
as recent graduates, postdocs and 
scientists with some experience 
in the workplace? How should 
they approach pay negotiations? 
How much should an employer 
expect to spend on salaries? 
Many recent graduates have 
no idea how much they should 
expect to earn. Where should 
they look for actual statistics? 
Talking to friends and former 
colleagues is one possibility. 
Studying statistical data delivered 
by institutes or professional 
institutions is another. But the 
situation is more complicated 
than it may seem. Salaries 
depend ona variety of issues, 
including company size, national 
or regional location and, of 
course, individual qualifications, 
skills and work experience. And 
can you trust everything you 
read? It’s important to remember 
that these statistics often come 
from surveys. People are more 
likely to fib about salaries than 
just about any other subject. 
Smart young academics 
applying for an entry-level 
position often have high hopes. 
With their master’s or PhD, 
perhaps from a prestigious 
university, they may consider 
themselves to be among the élite 
of their nation. They have 
survived on what seems like 
modest pay at universities or 


“The desire for more 
pay should not be the 


primary motivation 
for seeking a new job.” 


public-service institutions, and 
they expect better. But academic 
and public-service postdoc 
positions actually pay rather well, 
compared with entry-level jobs 
in industry. Work experience 
does help, though, and pay rises 
tend to be larger and more 


frequent than at universities. 

When we interview young 
academics, they often seem to 
have unrealistic expectations 
about their first real salary. 

They stare blankly when we try 
to explain what's on offer in the 
real world. They are surprised 

to learn that medium-sized 
companies or small research 
organizations will not fulfil their 
financial expectations. Only big 
companies can pay those sizeable 
entry-level salaries. But openings 
there are rare, and the companies 
can choose from a large number 
of qualified candidates. 

Young academics should try 
to strike a happy medium. They 
should first of all look at the 
company (does it have a good 
reputation?) and at the job (is it 
really the one for me?). Only asa 
next step should they think about 
the money. Find a job you love, 
and the bonus is that you are 
likely to do well and be in line for 
promotions or pay rises. 

What about scientists with 
some employment experience? 
First of all, the desire for more 
pay should not be the primary 
motivation for seeking a new job. 
If you're otherwise contented, 
speak to your manager. Make 
your case for a pay rise on the 
basis of your performance: an 
argument based solely on living 
costs is not likely to win you 
more money. Argue on the basis 
of your skill set and the extra 
projects you have taken on for 
the company. Your success at 
negotiating could depend on 
your personality, qualifications 
and efforts within the company. 
Always keep in mind that you 
have the option of asking for 
non-cash benefits such as a 
company car, laptop or a mobile 
phone rather than requesting 
higher wages. 

If you are successful, a higher 
salary may bring with it a change 
in the scope of your duties and 
more responsibility. Consider 
not only what you have done for 
your company but what kind of 
new duties you are willing to 
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assume. Ask yourself if you are 
willing and able to take on new 
functions: do you really have the 
time and the appropriate 
qualifications? You should also 
consider that you might take 
away responsibilities from your 


“When moving on, 
try to evaluate your 


own qualifications 
ina realistic way.” 


colleagues. It’s not a good idea to 
cause ill-feeling in the company. 

When moving on, try to 
evaluate your own qualifications 
in a realistic way, in the context of 
your particular business sector 
and function. For example, 
positions in R&D or sales and 
business development are usually 
better paid than those in 
administration. In clinical 
research, employees of contract 
research organizations are paid 
less than their colleagues at 
sponsoring drug companies. 

From the perspective of the 
hiring company, the competition 
for highly qualified scientific 
staff has grown in recent years 
and will keep on growing. Those 
companies that do not pay as well 
as or better than their competitors 
could lose specialists. Moreover, 
scientists often put their heart 
and soul into their job, but rarely 
get the appropriate financial 
reward. Undervaluing employees 
often leads to staff attrition. As an 
employer, it’s important — now 
more than ever — to be aware of 
changes in the job scene and 
shifting moods among your 
scientific staff. 

Like any employee, scientists 
should know how to behave in 
pay negotiations, how to prepare 
and how to argue. And 
remember that accepting lower 
pay than you wanted does not 
necessarily mean taking a step 
backwards in your career. a 
Martin Lang is recruitment 
consultant for Kelly Scientific 
Resources in Cologne, Germany. 


